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i. 1.O BIJ_4ARY

The Vousht Cor_oration designed, fabricated and tested a prototype >_

" flexible space radiator under NASA/JSC contract number NAS9-I_776 between

i June 1976 and Detester 1978. This report docuzwnts the design and fabrica-

.- tion techni%ue of the resultant flexible space radiator. The radiator is a

roll-up flexible panel with the transport fluid manifolds located at the endm

of the 27 foot length. Fifty PFA Teflon flow tubes are sandwiched between the

o_ layers of silver wire mesh and sealed in the FEP Teflon film. The transport

_ fluid flows from an _ulet manifold through 25 panel flow tubes to the end of

the radiator panel into a manifold which directs the fltttd into the other 25

flow tubes on its return to the base of the radiator. Deployment/retraction= of the flexible radiator panel is by low pressure inflation tubes (one along

each side of the panel) which incorporate a flat spring. The spring supplies

the retraction force to wind the radiator panel on a dr_ when the pressure

--_ in the inflation tubes is relieved.

Room ambient deployment tests of the radiator panel were conducted

at Vought to _erify the inflation tube/spring deployment/retraction capability.

These tests were docu_nted on 16 _n film. The panel was deployed in Chamber

B at NASA-JSC for a thermal vacuum, solar spectrum exposure test. A_ter ap-

_ proximately 100 hours of solar exposure, post-test inspection revealed no

structural or optical properties degraded.
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2.0 _TROI)U_ IOZ_
l

The Vought C_oration _g_ f_i scale develol_ent of the flexlble

space radiator concept in June 1976 under Contract to NASA-JSC. The flexible

radiator has potential application as a supplementary heat rejection device

on the Shuttle Orbiter. Fibre 1 depicts a 4 KWheat rejection module and an
,i

early flexible fin concept. Design and fab_lcation effort on the soft-tube.

flexible radiator culminated in a prototype radiator panel shown in Figures ,_

and 3. This report presents the desi6n details and fabrication techniques

used to produce the contract deliverable end item.

Appendix A contains all the progress reports between June 1976 and

December 1978, end may be consulted for the direction of the program on a monthly

basis. Appendix B contains the results of a hypervelocity impact experiment

test performed at the Texe_ Ate4 University facility. An investigation of bond-

ing adhesives was made before the program was redirected to a l_mion bonding

process end the results of this investigati_ appear in Appendi.c C. Appendix D

is an instrumentati_ error analysis of the solar degradation te,_t docunented

in Appendix E.
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3.0 RADIATOR PANEL DESCRIPTIO_ :

The prototype flexible radiator is desired to reject 1.33 KW to

a O°F sink using Coolanol 15 as the transport fluid with a IO0°F radiator

inlet temperature. The overall radiator dimensions in the deployed con-

figuration are 3.3 feet wide by 27 feet long to give a total radiatiug area
• 0

(from _oth sides) of 178 square feet. In the stowed configuration, the

radiator rolls up on a drum 10 inches in diameter by _ feat long to a final

diameter of approximately 17 inches.

The prototype panel was constructed from six basic components:

(i) the flexible fin, (2) panel flow tubes, (3) fluid manifolds, (_) deploy-

ment inflation tubes, (5) retraction springs, and (6) the stowage drum.

Principal to the capability of the panel to reject heat is the fin material, i

The fin material faln-lcation was subcontr,_cted to SchJeldahl, Inc. who used

a newly developed continuous mill operation which hot-rolled a 40 x 67 silver

wire mesh into 3 mil FEP Teflon film and vacuum deposited i000 _ of silver

covered by 150 _ of Inconel on one side of the Teflon film. Optical proper-

ties of the hot-rolled laminate steadily deteriorated after receipt of the

material and the ensuing investigation revealed shortcomings in the manufac-

turing process which allowed the silver to tarnish in contact with the air.

Deemed unuseable due to the large measured solar absorptance values, the deposited

silver and Inconel were removed from the Teflon film and fin material became 3ust

the wire mesh imbedded in the film (Figure 4 ). Solar absorptance values of the

mesh/film only were O.16, whl.ch is approximately 13_ lower than the lowest measured

value of the original silvered material. The emissivity of the fusion bonded

laminate was 0.70. T

To distribute the heat from the transport fluid over the panel area, 50

flow tubes of PFA Teflon (1/8" O.D. x 1/16" I.D.) spaced .75" apart are used.

These flow tubes r_m parallel to the long dimension of the radiator panel and

connect to aluminum manifolds. The tube-to-manifold connections arc _ade with ?

standard Sw_gelok fittings, an adhesive, and tube inserts which allowed the fit-

tings to capture the soft tubing without collasping the tube wall. Dr. Fred Dawn
t

of NASA-JSC recommended several adhesives for the cortnections and one (EC2216) i

manufactured by 3M proved very successful. Samples of these connections _re

tested for extended periods in a 200°F water bath at 100 psi without leakage.

00000001-TSA11
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The fluid manifolds distribute the flow to the panel such that "_5 _.

flow tubes receive inlet flow. At the drum end of the radiator, a second

manifold collects the flow and directs it into the other 25 flow tubes on tile

return leg back along the panel into the outlet m_nlfold (see Figures _ and

6). The outlet tmnlfold collects the transport iluld from the radiator and

directs it back into the environmental control system.

The flexible radiator panel is stowed in approximately eight wraps

on a ]0 inch &rum (see Figure 7). Four inch diameter inflation tubes made by

SchJeldahl of Kevlar/mylar are attached along each side of tile radiator panel.

Specially prepared flat springs are incorporated in each inflation tube in a

pocket along the dru_ side of the inflation tube. The retraction springs must

be closely matched as to the magnitude of force each exerts. A mismatch in

retraction spring force will not allow the radiator panel to wind-up in the

original stowage volume. A spring adjustment capability was designed into the

spring hold down to fine tune Lhe panel deployment/retraction path. Panel

deployment is achieved by pressurizing (-" 1 psig) the inflation tubes which

work a6ainst the retraction sprin_ force to roll the stowage drum outward ex-

posing increasing amounts of panel area.

8
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4.0 RADIATOR PANEL FABRICATIC_
|

Fusion bondi_ was chosen as the method of forming tk_. l_m4nate

of the two fin layers sandwiching the flow tubes. PFA Teflon tube material

was used to Suard against the tubes collasping during the bonding process.

An assembly table (see Figure 2) _as constructed on which the complete radia-

tor panel can be laid out. The table surface has 50 grooves spaced three-

quarters of an inch apart (Figure 8). To aid in assembly_ holes drilled in _

the grooves were connected to a vacuum source which pulled one lay_ of fin

material into the grooves. Following operati_s sandwiched the flow tubes

between the fin material in the grooves and a second layer of fin material

with Kapton vacuum bagging material holding the flexible fin assembly together.

i.::_. The flexible fin assembly (Figure 9) on the assembly table was rolled into a

5.5' x 5.5' x 30' autoclave for the fusion bonding process. The autoclave was

programmed to reach 570°F within + 3°F over a three hour heat-up period. The

_ fusion bond attained between the layer_ of fin material and between the flow

tubes and the fin material was very strong mechanically.. The retraction springs were purchased from Spring Engineers (Dallas)

and sent to Sch.leldahl, the inflation tube subeontractor. SchJeldahl bonded

pockets along the inflation tubes to accommodate the retraction springs and

delivered these to Vought as assemblies. The inflation tube assemblies were

then attached to the edge of the radiator panel fin material in a fold of

aluminized mylar material; the free edges of which were sown to the fin material.

Stowage drum fabrication and assembly is sho_n in Vought drawing

T213-SK08 which is presented in Figure 10.

t

12 f

00000001-TSB03



J° il'

. It

l, I
il
II

GROOVES FOR
T RANSPOP__ TUBING

VACUUM HOLES

ALUMINUM PLATE

\

I

FI(IURE

MOLD FOR LAMINATING FLEXIBLE RADIATOR PANEL

.o

13

00000001-TSB04



.t

i_ !_
i.:

.l



i.
_.0 RADIATOR PANEL TE_'._]I_C,

t,
1 Testing of the flexible radiator panel consisted of a room ambientea

deployment/retraction test and a thermal vacuum solar exposure test. The

_. deployment test Ires performed at Vought in M_7 1978 and the solar exposure
test was performed at I_ASA-JSC in November 1978. Successful deployment and

i retraction of the panel was wltu_ssed by the NASA contract technical monitor
i:

and recorded on 16 mm movie film. The purpose of the solar exposure test was

i to evaluate radiator performance degradation due to radiation near the solar
• . wavelen_h. The panel optical properties and mechanical Strength were checked

carefully after 100 hours of solar exposure and no degradation was detected.

Panel heat re_ection also corroborated the conclusio_ of no measurable thermal

performance deKradation,

t
I I
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MONTHLY PROGRESS REPORT NO. I .L

DEVELOPMENT OF A PROTOTYPE FLEXIBLE RADIATOR SYSTEM

I.0 OVERALL PROGRESS %

Work during the first reporting period has been concentrated on the i
mm

design requirements for the prototype flexible radiator system, and has

included analyses, element tests, and surveys of manufacturers capabilitles
.m

relevant to the design and fabrication of the system which will follow in
T

subsequent reporting periods. The studies of the initial period follow the

outline of the statement of work of re£. (i)_ and address the following

subjects:

I) Loading requirements and performance data for tubular

extendible space booms.

Z) Alternate fabrication techniques for improving the fin material

construction and radiator panel assembly.

3) Computer modeling and performance/optimization analyses.

4) Inflatinn tubing deployment/retractinn system performance

r e_uir •ment s.

5) Assessment of alternate fin layup with two layers silver wire

mesh.

6) Micrometeoroid protection requirements and impact on tubing !

size.

7) Tests of transport tubing and fittings.

i . A briefing has been scheduled at NASA-JSC during the next reporting

I period to discuss the findings o£ the design requirements studies and to

obtain NASA Lnputs prior to initiating the design phase of the program.

.i.

, !

i A-4

00000001-TSC02



T
2.0 DESIGN REQUIREMENTS STUDIES

Im

This section summarizes the results of individual deelgn requirements

_._ studies conducted to obtain data for designing and _abricating the flexible

radiator system.

.,. 2.1 Mlcrometeoroid Damage Studies

The literature on mtcrometeoroid penetration of plastic materi_3.s was

I surveyed to determine whether experimental data or analytical methods exist

for sizing the tube wall thickness of the flexible radl_tc_r. The limited data

_ available indicates that plastics are more effective for resisting micro-

meteoroid penetration than had been predicted from data for metals. An equation

._o given in reference (2) predicts depth o_ penetration eonserva_,_vely

for polyethylene. The equation is

vgr-].
where:

_. = thickness o£ target material penetrated

: _'t = percentage elongation of sheet material

_. -- mass density of sheet material

_w_ = mass density of meteoroid

_/_ :_ normal impact velocity

_ -- meteoroid diameter

Figure I compares the depth of penetration predictions for 2024-T6

alumlnum with those of other equations developed for metals.

The elongatlon term in Eq. I is much larger for plastics (_ _ 300)

than for metals ( _.._ "_), and has a significant impact on the design of flexible \

radiators. For example, the wall thickness computed £rom Fig. I for 30 days

lifetlme for polyurethane tubing is 0. 032 H. If the elongation term were

assumed to be that of a metal, the req,alred wall thi'ckness is 0. 058".
7
i Figure 2 compares predicted and experimental depths of penetration

, forpolyethylene( - j .oo

•- 2 /_.r_
i,
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The equation follows the trend of the data from ref. (3) for low velocities, I

but predicts much greatar depths of penetration than actually occur at velocities

typical of mlcrometeoroids (20 km/sec.). Thus based on the data for i

polyethylene, Eq. (I) appears to glee a conservative estimate o_ the wall

thickness required to prevent penetration, Gualitative experimental data

for plexigins and polycarbonate in ref. (h) shows that polycarbonate (_ = I. Z,

-- I15) is superior to plexiglas (¢= 1.2, _.- 5) for retarding meteoroids.

This also reflects the importance of elongation in the penetration equation.

No additional experimental data on plastics was found in the literature. A

complete list of the literature surveyed is given in Appendix A. An attempt

was made to locate existing facilities for testing penetration resistance of

the tubing materials. Texas A&M University has one of the few active

facilities suitable for the tests. Their preliminary estimate of the cost

is $6000 for a 6 month prcgram.

It is recommended that until additional data are available, the radiator

tube wall thickness be sized from Eq. 1.

Analyses were made to d_termine the average depth that a meteoroid

must penetrate to puncture a tube. The average depth is greater than the

tube wall thickness because most meteoroids do not strike the tubing from

a direction which is normal to the surface. Figure 3 shows a _,ypical

trajectory of a meteoroid which is directed towards an element on the interior

tube wall. The depth that the meteoroid must penetrate to reach the interior -_

wall is -.

k ...... (2)

The number of meteoroids which strike the surface from the "_'_ ¢

direction with velocity'_fand mass sufficient to penetrate the depth _ is

d" ,3> t-- N_

t
IP
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! whereNis the eumu.Zative flux of meteoroids, per unit area per unit time

given aS a function of meteoroid mass in meteoroid environment models. I

For the meteoroid_ of interest in this work t _

= ,, ,
The total number of meteoroids which strike the element which are

capable of penetrating the tubing is obtained by integrating

"t ":

. 1

_= o (S) i
i

! _ iS computed from Eq. _ for each angle after the mass required to penetrate

the Ceil) is oo,_p_'_e4_'_'o,.z,_.1.' _e integ,'_",, Zq.-(5)is th_ndepth _t

i evaluated numerically.

: The probability of no penetration is given by

-_ e
]

: where ,_ is the shielding factor

_ is the
exposed area

i ! _ is the time o£ exposure

i The shielding factor accounts for meteoroid blockage by the earth, theorbiting payload, and by the radiator itself. In this analysis, only the

earth shielding factor is taken into consideration, For a 200 n.m. orbit

__ = 0. 685. Because of shielding by other factors, the actual shielding
i

factor will be less, and the radiator will have a higher probability of \

success than is computed from Eq. (6).

Analyses were made to determine the additional wall thickness

required to prevent leakage after a meteoroid has penetrated to the depth

computed from Eq. 1. The tube wall thickness must be increased by this

amount to prevent failure even though the meteoroid does not actually

penetrate the tubing. Calculations showed that the additional wall thickness

is approximately 0. 002 inch for polyurethane tublngj and 0. 004 inch £or

teflon tubing.

7 h-IO
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For the total radiat6r system to have a 90a/0 survivability, the transport

tubing and the inflation tubing must independently have higher probabilities

i of success. Thus, the inflation tubing was designed for 96% survivability
•m

(wall thickness = 0.044 inch for 4" qd_tublng). The polyurethane tubing

was selected so that the outside diameter is a standard dimension (0. 1875"

for polyurethane tubing and 0. 125" for teflon tubing). For the optimum

i inside wall dlamteers the wall thickness for polyurethane is 0. 0488 inch
L.

and the wall thickness for teflon is 0. 0325 inch• Subtracting the thickness

{ required for pressure retention, the thickness left for meteoroid protection

is 0. 0468 inch for polyurethane and 0. 0288 for tellon. Tree, ring the tubing

as a Lhin sheet (not accounting for variable _ as given by Eq. 2) the

probabilities for surviving 90 days are 0. 965 for polyurethane and 0. 940 for

teflon. If the variable _ is taken into account, the probabilities are 0. 983

for polyurethane and 0. 974 for teflon. The combined probabilities of

survivability for the inflation tubing and the transport tubing exceeds 90%.

2.2 Teat Po1
Small sections of polyurethane tubing were pressurized and maintained at

constant temperature for extended periods of time to test for leakage at the

fittings, and to determine whether plastlc flow of the materlal is a significant

problem at e1_vated temperatures• Figure 4 describes the test apparatus

and procedure. The tubing size is 0. 250 in. O.D. x 0. 125 in. I.D. This is

standard tubing which is similar to the 0. 205 in. O.D. x 0.096 in. I.D.

tubing specified in the baseline design. The stress levels at 50 psi are

approximately the same for the standard and non-standard tubing. The first

sample of tubing was tested at 200°F and 50 psi. The tube O.D. was \

measured at three sections as a function of time and the sample was sub-

-- merged in water so that any leakage would be detected. The tubing was filled

- with Coolanol 15 and the system was pressurized wlth nitrogen. The measured

•* tube O.D. is given as a function of time in Fig. 5. The tube ruptured after

approximately 30 hours of testing. Standard S_a_ok fltt.i_ _ used with

inserts made from 0. 125 inch O.D. aluminum tubing. No leakage was observed

I
i 8 _,-ll
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FICURE 4

POLYURETHANE TUBE PRESSURE CREEP TEST

Approximate Test Setup - k

-.. Heat20ooFSOurce _'_ _Oag '':;e

I+4:1o"-,I

,estSoeoimeo--, ---- 8u_iy '"

Secure Fittings such :--Pressure

that test specimen has Regulator ..
no longitudinal elongation

Specimen -

O }+"- i0" Long

O i/}+" OD

o 1/8" ID

o Fittings: Swa_elok with alum. ferrules. One end 1/80D SS tube insert;
other end no insert.

Procedures -

o Pressurize specimen to 52.1 psig (+ ipsig)

o Neasure tube OD in three locations

o Check end fittings for leaks, correct as required

o Heat to 200°F

o Measure tube OD in s_me three locations end check end fittings for
leaks in the following increments:

1 hr \

}+hrs

2}+ hrs

I }+8hrs

i i 72 hrs

If ,o Also cheek for tube rupture, terminate test upon mtpture

Report - None Required
i

9 _-iz
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i

during the test sequence. A second section of tubing was tested at 175°F and /

50 pal. The apparatus and procedure were the same as for the first sample ''

except that the 0. 125 H O.D. insert was removed from the tubing at the
k

fittings. Figure 6 shows the tube diameters rr_aaured at three sections j

as a function of time. The tube slipped out of the fitting after approximately

100 hours of testing, This verifies that inserts are required with Polyurethane

tubing, The tubing did not rupture during the first 100 hours, However, the

diameter was increasing at a fairly steady rate so that failure would probably

have occurred within the next I00 or 200 hours, Additional testing is planned

with fitting inserts at lower temperatures to establlsh a safe operating range

for polyurethane tubing.

The experlmental results at 200°F are not consistent with published

vendor data for polyurethanil. Figure 7 from Ref. ( _ shows that the published

ultirr_te strength at ZOOOF is 2000 psi_ The stress in the tube is given by

o" = .Pch_ (7)
_L

The tube wall thickness for a stressed tube is given approximately by

..... 7"; "d

where _iS the average of the inside and outside diameters. The inside

diameter in Eq. 7 is

\

Equation (7) becomes

a" : zoo (j'L. oo7,/z5) (lo)
for

O-/-nA,,_=_ooo psi _ _ _,._ _we_

c[ :- O. "P}_ _NcI,,

_.i Aq4
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Hi TUFF: polyurethane thin gauge sheeting and film s.+

"L HI.TUFF Polyurethane sheefinl+, out.pertorms all other plastic film and thln.gauge rubber sheeting
where prcxluctapplications require superior toughness,abrasiou resistance,tear,slrength, llex.ltfe, lowtempera.

I O tore flexibility, oil and gasoline resistance,and longer aging properties. Hi-TUFF Sheeting can be vacuum
formed, dielectrtcaily sealed, blow.moldedand solvent or heat.bondedto subs.ates,

Typical Applications:
FluidContainers Diaphragms Laminationto Fabrics _+,,
DustBootsand Bellows Furniture Gaskets
ProtectiveCovers SkinCovering for Foams Seals
Packaging endSponge Noise/VibrationDamper
ConveyorBaiting Bag.in.BoxPackaging Moisture/VaporBarrier
Overlays Oil andGreasePouches FlexibleFuelTanks
CableJacketing Bearingand Tool'PsckeilJnli Dry ChemicalPackaging

(silt and spiral wrapped)

Available: MP.1Bgo, MP.1885, MP-IBgo, Natural or Biac+ colors on special order, Thicknessfrom .010" to
,ogo" m 18" wide rolls, Tolerances:.010" to .025 ± 2 rail.; .026" to ,090" .+.3 m/l, MP.2080 natural andblack, _:
colorson sJ+ecialorder, Thicknessfrom ,005" to .125" in 36" wide rolls. Tolerances:,005" to .040" -*+2 rail. j..041' to ,062* ::t:3 mli,; ,063" to .090" :¢ 4 mil,; .091" to .125" ± 6 rail

Lenlth -- Continuousroils/bulk pack
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i This should correspond to the measured tube wall thickness prior to failure.
" Since the tube failed at a diameter of approximately 0.30 inch, the effective

!. ultimate strength is approximately 260 psi.

2.3 Thermal Modeling and Performance/Optlmlzation Analyses

A two dlmenslon_l flow computer model was_onstructed to determine the

effects of cross conduction between the hot fluid entering the radiator and
,r •

i .J the cooler fluid leaving the radiator through adjacent transport tubing. Figure

8 shows the flow path routing in the baseline design. Figures 9, I0, and II

identify the nodes and conductors of the thermal model. The incoming and

outgoing tubes o£ the computer model may be thermally isolated by equating

the center conductor to zero. Figure 12 shows typical temperature profiles

for configurations with and without cross conduction. The results show

that with regeneration the average temperature In the raid sections of the

radiator is lower than when the cross conduction is elimir_ted. Because

of the lower average temperaturesp heat rejection is reduced by approximately

8_0. To reduce the effects of regeneration, it is recommended that the

radiator be designed so that the incoming and outgoing tubes are separated.

This requires a manifold at the free end of the radiator so that the outgoing

tubes may be located,on one hal_ of'the radiator, and the return tubes located

on the opposing half.

Analyses were made to determine optimum tube spacing and diameters.

The projected radiator surface area is given by

T'_t_

T _'r ( l tt S _" ,_,?" I V" L,' ' "_ I
where 4kI = radiator fin efficiency _'I'l f / _

= tube spacing
= effective surface emissivity (_ = 2 for two sided radiators)

/_ = thermal resistance from the fluid to the base of the radiator fin

7_' = fluid inlet temperatures

"7Oor = fluid outlet temperature

j ik A-_7
J
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= ANALYSIS OF R_n_.NERATIONIN FLEXIBLE RADIATORS

, l
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FIGU_ 8

; pARALLFL FLOW PATHS ARE ARRANGED TO MINIMIZE REGENERATION. COMPUTER MODEL SHOWS

EFFECT OF REGENERATION ON RADIATOR pERFO_ANCE.

15 A,-_&

00000001-TSD02



i: '_]

j •

f

. .._-'__
!

i

__-_ -

I

O000000]-TSD03



•"._'-'gd' d' _/' ,_'_/"_Y'*'_/,_t_'/_''''

lJo ._DE/_TIFICAF/O_J £F,_I_.

i z7 A-2o

00000001-TSD04



_, _ I_I t,,'. .04 _z,_ _o_, ,,_o" ,=°* /_ I

I I l_q Io _,.I lit=9- I _-_'_ I_,1 tq_v //#.._ II

'= I I _ tii;i _ae_ - iii_; _,_ t_c " I_

_;. I'1, _ , ,.- _

: I I I.___//__._1°1 lOOt ,|01 ILo! 1101 141ot IS'ol I1_

tO riO0 12.00 " '_o I -"! . ,;oO ,,,° _,.00 ;1_ j
- , . .--..,-0 li_gO 13_o lik_ _ I_,

-,.-.

- 0_1 LI[1
: _B A-21

_" ' 00000001-TSD05



_0 I I I t

I;_.S 2.£

FLo_U L"W._Trt (r_,)

_9 _-z2

00000001-TSD06



,._ _.
B

The surface area comput'_d from Eq. II is given as a function of the parameter
77_0"_ in Figure 13. The thermal resiotance at the tube wall for the

I_ baseline design was computed from the two dimensional math model shown :_
in Figure 14. For lamlnar flow the resistance computed from steady state

analyses is
(lZ)

I. . For the alternate construction with silver wire mesh on both sides of the

tubingj the thermal resistance is

- 2.Z w/e TO (13)
The radiator fin efficiency is given as a function of tube spacing in Table I.

TABLE I RADIATOR FIN EFFIEIENCY FOR FLEXIBLE RADIATOR

Radiator Construction _ _ .__
One Layer Screen Wire, _= 0.0057i _= 1.42 0.5 0.947

I.0 O.867

I.5 O.767

Two Layers Screen Wire, _ = 0.011Z, _= 1.50 0.5 0.96Z

1.0 0.917

I. 5 0. 853

The weight of the radiator to be minimized in this analysis includes

manlfolds, the deployment drum, retraction springs, transport tubing,

radiator fin material, transport fluid, tube fittings, and weight penalty

for pumping power.

wt -- wt (manlfolds) + wt (Drum) + wt (springs) + wt (tubes) _ wt (fins) + wt (fluid)

wt (fittings) + wt (A_) (14)

_ For the baseline design with one layer of wire mesh

wt = 0.0354 W + 0.01948DW+ 12.15tL+ 4.7_- (d d )

+[0.107 + 0. 049 _'_-'1A , 3.64A c[_.._.,t. 0.032i s '_
Y_L-

, 5.34 .iS _(..____...) (15)
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whe re i

= the width o£ the radiator (inch)

_) : diameter of deployment drum (inch) i \

'_- = thickness of retraction spring (inch) t l

L = length o£ radiator panel (ft.)

-- area of radiator panel (ft. 2)

_ -- tube spacing (inch)

_o = outside tube diameter (inch)

_ = inside tube diameter (inch)

_t = weight of one radiator panel (|_£)

For the alterr_te design with two layers of wire mesh the term replesenting

the weight of the radiator fins is replaced by

For £reon ZI transport £1uid, the tlow is turbulent and the pressure drop

weight penalty is computed from

= 5 (17)

L The thermal resistance at the tube wall is given approximately by
i

Table II compares the dimensions and weights o£ candidate radiator

constructions £or various tube spacings for a system heat rejection of 4 kw.

The tube diameters were selected to provide micrometeoroid protection and

to be compatible with standard tube £ittings. Table Ill shows the e££ect of

varying the tube diameters on radiator weight. The results show that near

minimum weights are possible with standard tube diameters. The analyses \

assume that the wall thickness required for r_eteor61d protection is

independent of the tube spacing. This is not exactly true because the exposed

area increases as the tube spacing decreases. Thus, the exposed area £or

!_' a tube spacing o£ O. 5 inch is approxlrrately twice the area £or I inch spacing.

The wall thlcknes s required for constant probability of no penetration is

O0000001-TSDIO
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TABLE III EFFECT OF TUBE DIA}tETER ON W_tGh"_

FOR ALTERNATE PANEL CONSTRUCTION

TUBE ID TUBE OD SPACING WT. l

oFcoNsTS  IoN
1 LAYER WIRE MESH, POLYURETHANE .090 .1875 0.50 61.3

.o9o .1875 o.75 57.9

.09o .1875 z.oo 58.?

.09o .1875 i.9o 67.o

•080 .17?5 o.50 60.o

.o8o .1775 o•75 58.

.08o .i?75 1.oo 60.9

.ioo •1975 o.50 63._

•1oo .1979 o.75 58.8

.i0o .1975 1.oo 58.6

2 LAYER8 WIRE MESH, P0LIqn_ETHANE .090 .1875 0.50 57.3

.o9o .1875 o•75 51.6

•o90 .1875 1._ 5o.o

•o8o .1775 o•5o 55.8

.o8o .1775 o.?5 52.3

•080 .1775 i.oo 51.9

.io0 .1975 0.50 57.9

•100 .1975 O.75 53.8

.100 •19?5 1•00 _9.5

2 LAYERS WIRE MESH, T_N .0625 .125 0.50 }42.7

.06_5 •1_5 0.75 4}4.5

.0625 .125 1•oo }49.0

•o525 .115 o. 50 46.8

.0525 .115 0.75 5}4.8

•0525 .115 i.00 66.9

.0725 .135 O.50 42.0

•0725 .135 0.75 }41.1

.0725 .135 Z.OO }42.5

i
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related to area through the following equation.

t = C A 0.290 (19)

Thus, if the area doubles, the required wall thlckness increases by 22.35 k

or approximately 0.010 inch. This reduces some of the weight advantage k

indicat_a for close tube spacing in Table II. Radiator stiffness, producubility

and cost also favor"wider tube spacing. However, the required surface

area increases rapidly with tube spacing. Because of this, 0.625" spacing

is recommended for construction with one layer of wire mesh, and 0.750

spacing is recommended for two layers of wire mesh.

2.4 Assessment of Two Layers Wire Mesh Construction

The computatlov_ in Section Z. 5 show that the radiator weight and size

are reduced when the fin material is constructed with two layers of wire

mesh. However, stiffness and fabricability must also be considered when

evaluating the merits of the alternate radiator constructions.

Stiffness is important because o_ its impact on the deployment/retraction

system. The bending moment required to roll the radiator panel around the

deployment drum depends on the cumulative El product of the transport

tubing, the fin material, and the inflation tubing. The major part of the

bending moment is associated with the transport tubing. The equation for

the moment required to bend a tube about a constant radius of curvature is

_A = _- (2o)
P_

Where _ is the radius of curvature, as in the case of the flexible radiator,

the radius of the deployment drum. Stillness tests were conducted with

1 sq. ft. elements of radiator panel at ambient conditions and in cold

environment to verify that Eq. 20 provides a reliable method for computing the

stiffness of the proposed prototype radiator. It was determined that the El

product in Eq. (2-0)could be computed by summing the terms for the transport

tubing and the thin shell of radiator fin material which encompasses the

transport tubing t

_ E L roe, e (Z])= .....  C o4--A redo, _o41
.J
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This austlmes that the tubing bends about its own neutral axis, and that the

fin material forms a separate tube which surrounds the transport tubing, One

of the elements tested contained IZ polyurethane tubes with thick silver backs0

teflon fin tr_xterial. The bending moment computed for the tubing and the

fin materials are 0. 047 in.-lb and 0. 473 in-lb respectively for a total of

0.52 in-lb. This compares to the experimentallydotermined value of 0.46

in-lb at ambient conditions. The second element was constructed from

teflon tubing a_d thick silver backed teflon film. The predicted values for

the tubing and fin are 1.0Z5 in-lb and 0. 261 in-lb for a total of 1. 286 in-lb.

The experir.lental value is 1.8 in-lb. The elements were also tested at 0°F.

For the cold environment the experimental bending moment for the element

with polyurethane tubing increased to 0.57 in-lb, whereas the moment for

the teflon tube element remained approximately the same as for ambient

conditions.

The element tests showed that equation 20 provides an approximate

method for computing the required bending moment but that a factor of safety

should be included to allow for unknowns in the analysis.

Equation (20)was applied to estimate the spring siz.es required for the

prototype radiator. The results for the alternate radiator construction are

compared in Table IV. Fqr the construction with one layer of wire mesh,

the neutral axis was assumed to coincide with the silver wire mesh. This

causes the computed stiffnesswith one layer of wire mesh to be almost as greJ,t

as that for two layers. Actually the neutral axis will be positioned between

the layer of wire mesh and the center of the tubes so that the panel should

not be as stiffas calculated. With two layers of wire mesh the radiator is

stifferwith polyurethane tubing than with teflon tubing. The reason is that

the smaller dlameter of the teflon tubes reduces the moment of inertia of

the screen wire £1n material enough to offset the ad4ed stiffnessof the

teflontubes. It is re,_ommended that a factor of safety of at least Z.0 be

applied '.o the rebults of Table 4 when sizing the springs for the retraction

mechanism. TLia will insure that the radiator will wrap tightly about the deploy-

ment drum uDon retraction.

_7 A-b0
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Thus, with regard to stiffness, the construction with two layers of wire mesh

are comparable or superior to the construction with one layer. k

A small element was fabricated with two layers of screen wire and teflon

tubing to determine whether the problems will occur in laminating the radiator.

Sheldahl Advanced Products Division stated that they will not be able

to fabricate the radiatoz with two layers of screen wire without extensive

revisions of their roll laminating machines. Therefore, it will be necessary

to develop alternate procedures for fabricating the panel. To construct the

element, an aluminum die was made with machined grooves for accommodating

R the transport tubing. Vacuum holes were drilled periodically at the bottom

of the grooves to hold the fin rr_terial in place while the tubing is being

positioned. The tubes are bonded to one-half of the radiant which is held

in position by means of the vacuum holes. Subsequently, the opposing half

of the radiator is held in the die and the mating half with attached tubing is

placed in position. The two halves of the radiator are then removed from

the die and placed in vacuum bags for curing at elevated temperature. The

i element constructed in this rr_nner appears to be of excellent quality.
Application of the aluminum die should make it poss ible to produce a prototype

radiator which is straight and uniform in cross section.

Therefore, since the construction having two layers of wire mesh have

, performance and weight advantages, are comparable in "stiffness to those

i having one layer, and appear to be manufacturable with proper tooling, itis recommended that the prototype radiator be made with the double layer

of screen wire.

!
2.5 Inflation Tubing Requirements

Numerous ambient tests were conducted with "inflation tubing and

retraction springs to determine the best method of attaching the tubing to

the springs, and to obtain deflection data for sizing the inflation tubing for the

prototype radiator. The tests showed that the springs must be attached to the

29
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: tubing as shown in Fig. 15. For this method of attachment, the spring tends

to stretch the inflation tubing while the inflation tubing tries to compress

,k
the spring. This type of loading causes the system to deploy and retract with

a linear motion, whereas for other methods of attachment the tip of the radiator
p

I extends in a curved trajectory with the spring and inflation tubing forming a
[ spiral as shown in Fig. 16. With the correct method of attachment, the spring

and inflation tubing remain reasonably straight until they contact the deploy-

ment drum. Then they roll around the drum with a radius of curvature slightly

larger than that of the drum. Apparently there is a buckllng phenomenon which

occurs as the tubing contacts the drum. At sections removed from the _rum

the tubing remains inflated and is stiff enough to straighten the spring. As the

tubing contacts the drum it buckles and the spring is able to wrap it around

the drum.

A slight curvature exists over the entire length of the inflation tubing.

The tubing acts as a beam with a prescribed stiffness which is subjected to a

constant bending moment induced by the spring. It, therefore, seeks an

equilibrium position which is described by a constant radius of curvature.

The radius of curvature and bending moment are related by

/-I

Sections of inflation tl.: _ng were pressurized and loaded to establish the

effective EI experimentally. E was then measured separately in a tensile

test machine so that I could be determined and compared with theoretical

predictions. The tubing tested in this manner has a non uniform cross section

as shown in Fig. ] 7. Because of the overlapped joint the moment of inertia

is much larger about the x-x axis than about the y-y axis. The effective moment

about each axis was de,ermined experimentally by loading the tubing as a

cantilevered beam as shown in Fig. 18. The deflection at the end of the beam

is given by

Z2= 3
3 (23)
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Thus, E1 could be determined by measuring the deflection as a function _

of loading "°

(z4)

Table V compares the E_" values computed from Eq. 24 using experimental i
values of F and D with the E1 values computed from geometric measurements ,,

of the tube wall thickness and diameter. The results show that the

experimental measurements do not correlate with the values predicted

for a hollow tube. The measured moment of inertia is relatively insensitive . '

to the loading axis, and can be computed approximately by treating the tube as , :

having a uniform wall thickness equal to the average wall thickness

TABLE V EFFECTIVE E1 FOR INFLATION TUBING

Pressure Load E1 - Experimental E1 - Predicted

(psi) Axis Ilb-in2_ (Ib-in 2)

5 y-y 5670 10,275
10 y-y 7290
15 y-y 7290

5 x-x 6745 5, 130
10 x-x 8993
15 x-x 9810

of the inflation tubing. The average El computed by this method is 7296. This

compares reasouably we]/with the experimental values in T_ble V.

33 _-56
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j
! Figure 19 shows the position of the tip of the inflation tubing as a

function of the radius of curvature in Eq. 22, As a design goal it is

I: _'ecommended that a radius of at least 250 ft. be selected. The El required

from Eq. 22 is

El = (250) 112)

I Assuming a factor of safety of 2.0 in Table 4 the bending moment required
in each inflation tube is approximately 20 in-lb. The modulus of the inflation

. tube material is approximately 80,000 psi. Thus
I= 12501 (Izl 1201 = 0.75in 4

80, 000

_i } For 4" diameter inflation tubing the wall thickness required is 0. 030 inch.

No factor of safety is required in th_s case because unknowns in the analyses

will only change the radius of curvature of the tubing. Figure 19 shows that

the end coordinates of the tubing are not sensitive to small variations in

for the design goal of 250.

An equation for buckling of the inflation tubing was derived by assuming

th_,t the energy for bending is absorbed in deforming the material and in

compressing the gas in the inflation tubing.

(25)
where _ = the radius of the inflation tubing

I: = thickness of inflation tubing

_ _ - deflection of the wall o£ the inflation tubing with bending

_.. : modulus of inflation tubing
= radius of curvature

p : Internal pressure

Castigliano's theore_l was applied to compute _in Eq. 125). Tl'_e result is

ZZ. 44
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k
To determine the Eimits i or buckling it is assumed that the walls of

the inflation tubing will not withstand a compressive load. Thus when the

compressive stress in the wall associated with bending exceeds the tensile

stress caused by the inte=nal pressure of the gas the tube will buckle. The

compressive stress in the wall caused by bending is

The tensile stress caused by the internal pressure is

o- - C28)

_u_ing the stress in Fx&s. (27) _d (28) wi_h _ co_uted from Eq. (26)

defines the limits for buckling. The critical bending moment for the

existing 2" diameter inflation was determined experimentally to test the

accuracy of the theoretical method. The experimental and theoretical results

are compared in Figure 20.

! The minimum pressure required to prevent buckling of the inflation tubing

was computed for a bending moment of 20 in-lb and a diameter of _ inches.

The analysis shows that the pressure required is only 0.86 psi.

2.6 Extendible Boom Anal_sis

With a general lack of material end section property data, certain

assumptions, tests, end analysis methods were used to determine the allowable

compressive load carrying capability of the boom. _ased on some section pro-

perty, and ultimate bending moment data obtained from Fairchild through a

telecon, some basic assumptions were made as to the material properties and

the other section properties. \

Preliminary analysis based on a simple support beam column indicated

that the critical buckling load was approximately 2 Ibs. on earth and 32 ibs.

in a zero-g environment. Test results of a simple experiment conducted at

Vought indicated that either the stifi_ness data provided hy Fairchild, material

propcrt_ assumptions, and/or end-fixity assumptions were in error. By con-

tinuing to assume the validity of the Fairchild data, material and section

property data was altered and the coefficient of end fixity established. The

37 A-4o
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i coefficient of end fixity agreed very closely with that of a beam column

I. fixed at both ends. _\

By applying the appropriate buckling equations, it was determined _I

i that the critical buckling load on earth was approximately 127 Ibs. and

417 ibs. in a zero-g environment.

The e_alysis to date is incomplete and further tests, review and

analysis are required to either support or refine this the simplified

analysis and its associated assumptions.

3.0 PROGRESS CN MAJOR END ITEMS

The design requirements phase is essentially complete. Additional

analyses and tests are required to establish the operating temperature limits

of the transport tubinR and fittings. Additional ambient tests are planned

for the prototype Infl_ion tubing and retraction springs. The space deployable

boom will be loaded axially to insure that it will not buckle in a l-g test

environment. Experimental data is needed concerning micrometeoroid penetration

of polyurethane and Teflon. The thermal analyses showed siRnificant weight

and performance advantages for two layers of screen wire mesh. An element was

fabricated with the double layer construction to establish fabrication techniques.

The program is on schedule, and no major technical problems have

occurred.

4.0 WOFX SCHEDULED DURING THE NEXT REPORTING PERIOD

Work during the next monthly reporting period will be directed

towards finalising t_e design requirements studies and initiating the detailed

design drawings for fabricating the system. Vendors will be contracted to

begin fabrication of the fin material. Retraction springs, inflation tubing,
\

transport tubing, and additional materials will be purchased for fabricating

the prototype system.

I
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Nonthly Progress Report No. 2

Development of a Prototype Flexible Radiator System

1.0 Overall Progress

Work during the second reporting period has been concentrated on design re-
quirements for the prototype flexible radiator system, and has included analyses.
element tests, and surveys of mmufacturere _ capabilities relevant to the destgn and
fabrication of the system whtch will follow in subsequent reporting periods. _4e
studies of the second reporting period follow the outline of the statement of work
of r_farence (1) and address the following subjects.

1) evaluation of effect of curvature of the soft tube radiator pan_l on radiator
= performance

t 2) evaluation of methods for fabricating the prototype panel

3) permeability of plastic and elastomeric transport tubing.

A briefing was held at NASA-JSC on 12 August to discuss findings of studies docmnented
in reference (2) and to obtain NASA inputs prior to initiating the design phase of the
program. The design requirements studies showed that significant performance advan-
tages are possible if two layers of screen wire mesh are incorporated into the radia-
tor fin construction. The performance is also improved if Teflon tubing and Fresh 21
transport fluid are used instead of the proposed polyurethane cubing and Coolanol 15
transport fluid. _IASAand Vought agreed thac the radiator would be constructed with
a dual layer of wire mesh and that additional tests and analyses would be conducted

to evaluate and attempt to resolve potential problems with the Teflon/Fresh 21 sysCeu.It was also agreed that tests and analyses of the tubular extendible boom deployment
system would be delayed until after the inflation tubing deployment system is checked

i out on the full scale radiator panel. The inflation cubing systen was demonstratedsuccessfully on the smaller engineering modal radiator during the intial reporting
[ period. Additional design studies were planned to develop a fabrication technique

for constructing the prototype panel, to establish operating limits of transport tubing.
and to evaluate the affects of radiator panel curvature on thermal performance.

2.0 Design Requirement Studies

This section describes the results of individual design requirements studies
conducted to obtain data for designing and fabricating the flexible radiator system.

2.1 Effects of Radiator Panel Curvature on Thermal Perfornance

1 "The retraction spring of the inflation Cube deployment/retraction system cause

i the radiator pane_ co be slightly curved. This influences the effective envlronnent

of the panel because part of the thernal radiation emitted from an element on the
panel is absorbed at adjacent surfaces. The view factor between two elements on the
panel shown In Figure 1 tat

Cos _ cq_
= L (1)
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(2) ___'
where r_.: F,- C,,..:'_ /'S,_ _

The view factor f_on the pens2, to £t:relf £e obtained by tntnf_ratt_g, For a two
s_ded redla_or

A

FPA_,(,.- PAUC; f(_ R2 (3)

21m rsd_oeity leav_ng the panel is

The net heat transfer £rom the panel is

_t= eAC,_Fp_,,_.L--,-\_.CTv_T._'} (6).............".___,__._ .............

The ratio og the heat rejection for a curved panel to the heat rejection for a
sCra18ht t_enelis

A

t - _r. rz _- (7), , _

Table I 8ires the ratio computed fro_ Equation 7 as & function of the radius of
curvature of the panel.

TABI_ I Effeet,e of Panel Curvature

R(_t) q
50 .9980

100 .9995
200 .9999

The results show Chat there is little reduction in radiator performance caused by
pene,_ curvature.
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2.2 Evaluation of _chods for Fabricating the Prototype Radiator Panel
t

'.. A method is being developed for Iomlneclns _he radiator with the transport Cublns
sandwiched between the two opposing halves of the panel. The n_thod employs dies
made from aluminum plates. The plates have grooves machined on one side as shove in

, Figure 2 to accmmodate the transport tubing. Vacuum holes are drilled at the bottom
' of the grooves tu provide a means for holding the panel in position during the fabri-

1_ cation process. To laminate the radiator, one half of the fin material is positioned

on the plate, and adhesive is applied to the exposed surface in the form of a ££ne
, mLsc spray. Several thin coats ere required Co prevent the adhesive from collecting

in puddles and leaving bare spots on the panel. The cubing is then placed in the
grooves and is held in position by the adhesive. The tubing will have been connected

i to manifolds and checked for leaks prior Co lamination. The vacuum is then released

and half of the radiator removed from the mold. Subsequently the opposing half is
placed in the nnld and coated _r_th adhesive. The t_o halves are then carefully Joined
together and the assembly including the mold is placed in an autoclave to cure the
adhesive. Pressure is maintained on the panel during the cure cycle by moans of a
vacuum bag. A small section of the panel was fabricated using this method to dateraLtne
whether problscs are likely to occur. The section laminated by this procure is straight
and tailors in cross section. It £8 probable that the prototype panel can be fabricated
successfully with this technique.

2.3 Permeability of Plastic and Rlastomeric Transport Tubing

A study was conducted to determine potential problem areas for an alternate rudi-
._cor transport loop system consisting of Teflon tubing with Yreon 21 transport fluid.
DuPont was contacted to obeain in£ormacLon relevant to obta_ning leak free connections
between Teflon tubing and manifolds. Work under previous contracts had shown that
because of cold flow of the Teflon, leaks develop at the connectors during operation
which require repeated t£ghtnin S of the fittings. DuPont*s representative (Mr. J.

-_ Ferrin) could not recommend a solution, but suggested that part of the leakage could
: be a result of the permeability of the transport tubing. 14o permeability data was

available for Freon 21 but date for Fraon 22 and Freon 12 indicate relatively high_ leakage rates may occur.

t The test apparatus shown in Figure 3 wee constructed to measure permeability.The apparatus contains a 1S ft. length of 3/16" OD x 1/8" ID FEP Teflon tubing which
is arransed as a U-tube, filled Co near thL ends, and press_rized with nitrogen gas.

I The mtniscu8 level is monitored as a function of time to determine permeability.
Tests were conducted with the tubing exposed to ambient air and immersed in hot water
to observe temperature affects. The apparatus was arranged so Chat the liquid Freon
was not exposed to a fitting, thus alhninating the possibltty of leakage at the con-
nectors. Any potential leakage could be detected by observing a decay in pressure
of the nitrogen gas or by employing a Ralogen leak detector. A G.g. model H-IO
leak detector indicated leakage along the entire length of tubing 0 confirming that
the tubin S is permeable to Froon 21. The measureuents given in Figure 4 shove that
permeability increases markedly at hi_her temperatures.

To ah_w the impact of the tubing permeability on the operation of flexible
radiators the total leakage rate from a three panel system is computed below. From

' Figure 4, the permeability at a nominal temperature of 80oF is

- 7"" = :" it,,,, ...
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The leakage rate throush a section of tubing Is given by

For .0625" ZD X .125" OO tubing. 48 tubei/paneZ D 1 - 25'. P - I00 pal. the

! leakage rate is

This leakage rate would result in a lo88 of approximately 17 lb m of Froon 21 in a
: thirty day mission. There t8 also a potential problem that the transport fluid

leaking through the tubing would attack the adhesive used to bond the two halves
of the radiator panel.

Mr. J. Lann of DuPont Fluorocarbon Division was contacted for 8uagestlons on •
possible substitute fluid, lie recommended that we test Frann 11. The results
given in Figure 4 chow that the permeability of Teflon to Freon 11 t8 8ubstantially
lower than for Fresh 21 at low temperatures, but exceeds that of Fresh 21 above
150oF. The leakage rates for Preen 11 are probably acceptable for atsstons where
the averase fluid temperature is around 70°F. Fresh 11 t8 more likely to be com-
patible with surrounding materials than t8 Frnon 21.

Permeability tests were also conducted with Coolanol 15 transport fluid. _o
leakage was detected at temperature8 to 200°F Teflon or Polyurethane tubing.

3.0 Progress on 14seer End ICtus

Additional analyses and tests are required in the design requirements phase.
Altetuateuaterialsneed to be evaluated to ubtainaaximumthermal parforuance,
operatic s temperature rangep and reliability og operation. Experimental data is
needed concerning alcroaeterotd penetration of the transport tubing. Tests should
be conducted to develop reliable mathods for nonnectinK the tubing to the manifolds.

The program is on schedule. Permeability of Teflon to Freons and low strength
of Polyurethane at high temperature are problems which were not anticipated. There-
fore, unschedttledwork is required to evaluate alternate materials. The prosrem
could fall behind schedule If Ion s delivery times are required to obtain material8
for testing.

4.0 Work Scheduled During the Next Reporting Period

Work during the next monthly reporting period will be directed towards finalising
the demise requtreuent8 studies and initiating the detailed desisu drawings for fabri-
cating the system.

- ..8- /-55
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Monthly Prosreaa Report No. 3

DEVELOPMENT OF A pROTOTYPE FLEXIBLE RADIATOR SYSTEM

1.0 Overall Progress

Work during the third reporting period has been concentrated on the design require-
ments for the prototype flemible radiator system end addressee the following subJecCsz

1) Transport fluid evaluation

2) Transport tubing evaluation
i

3) Tubing/manifold connector tests

4) Micrometeroid impact simulation test

5) Copper/silver backed Teflon fin material test.

The studies identified two fluids, Freon ll and Coolanoi 15. and two tubing materia_s.
Rytrel and FEP Teflon, for usa in the flexible radiator system. Several variations
of tubing/manifold connectors combining epoxy and compression type fittings were tested
succmsfully in the temperature range -ROOF Co +200°F. A purchase order was released to
Texas ASH University to conduct micrometeoroid impact simulation tests. Copper/sliver
backed Teflon was tested as a possible lower cost substitute for Inconel/silver backed
Teflo_ fin material. 'Ft_a tests showed the copper/silver combination is unacceptable
because the copper diffuses into the silver at temperatures whlchwill be ex_erlenced
at extreme operating conditions.

The design requirements phase is nearin$ completion, and satisfactory solutions
have been achieved for all foreseeable problems. The desiEn phase will begin during
the next reporting period.

2.0 Design Requirements Studies

This section summarizes the results of indi_.ldual design requirements studies
conducted to obtain data for dexisuing and fabricating the flexible radiator system.

2.1 Fluid Selection Studies

Published data on transport fluids were analyzed, and compatibility/permeability
tests were conducted to evaluate and selected fluids for optimum performance and opera-
tin s range. Table _ gives transport property data of candidate fluids at 77°F. This
temperature is representative of the operating conditions of flexible radiators. The
radiator panel area requirement8 for the candidate fllsid8 are siren in Fl$. 1. The
minimum area in Yigure 1 aastme8 no thermal resistance between the fluid and the base
of the radiator f4n. This would be approached for the case of e fluid _lch very hlgh
thermal conductivity in aluminum tubinR. The actual area requirements ere based on
the various candidate fluid eonduceivitie8 with 0.035" wall thickness FEP Teflon tubing.
The radiator tube 8pacin s is assumed to be 0°75", and the fluid flow rates are computed
from the specific heat date in Table I for a 4 KW- 60°F Delta T - three panel system°
The discontinuities in the curves for FC-Bg, E-l, Frees 11, and Frcc_s 21 indicate tran-
sition from leminar to turbulent flOWs Pressure drop data computed for the caudidate
fluids is given in Fig. 2. The flow length Is assumed to be 50' for a 25' radiator
panel, and the f3ow per tube is computed assuming twenty parallel flow tubes per panel.
Pumping power weight penalties for the fluids is given in Fig. 3. _e weisht penalty

l
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te assessed at 540 Ibm/13/ ssuuaAns s 13X pump/motor efficiency. Fluid weight given
1o Fig. 4 18 computed frma the fluid danuitles ananmins thac the total volu-- of
f_uid required is double the volume contained in the radiator. This is probably Z
less then the actual rsquiremanCs0 which vlll depend on the _eAgth of conuectins
linese the volume of the system sccuaulator, etc. For cowp_rison purposes, exmaple
computations were made for the weight of fluidina 25' lensth of 0.375" ZD connectinS

line. The uaisht ranges from 1.1 lbm for Coolanol 1S to 2.3 lbm for PC-7?.

The total fluid systomvsight for a 4 e width x 25' 1enoch radiator con_ainin s 40
parallel cubes is given in Wig. 5. The tube wall thickness is assumed co be .035". and
the tube material density is taken co be that of Teflon (00135 lbm/yt3). The figure
ehowl that an optimum cube diameter exists for each f_uld for whlch the we/she of the
radiator to ninimimed. The difference in the minimma unit weight for the candidate
fluids is not larks enough to be a decisive factor influancinS the selection of the
optimum flexible radiator fluid. The diameter for which the minima weight occurs is

i inportant because the _ube diameter affects the stiffness of the radiator and theweight of the deploywent/retraction system. The area requirements also impact the
doplo_mnt system and the panel weight, Operating temperature range, and materials
compatibility are additional factors which must be considered in selectins a fluid.

Fluid system weisht and radiator panel areas are given relative to Froon 21 in
Table II. The adjusted weight accounts for ef£ects of differences in area require-
ments on fluid eysteuveishtj but does cot account for weight of the fin :mterial or
weight of the deployment system. Thus Table IX does oct sire a complete account of
the weight penalties for the candidate fluids. However. the dace is sufficient for
quantitative evaluation of the fluids. More detailed nnalyses will be conducted for the
fluids selected for potential use in the flexible radiator system. _tsed on area re-
quirements and fluid eystemveisht in Table II, Oronite FC-100j Fresh S-ltand FC-77 may

be eli-4nated from the list of candidates.For spacerad_.ator applications the lover operettas temperature limit of a flui_
to restricted by the onset og flow instabilities which occur when viscosity increases
as the fluid is cooled trlthin the parallel flow passages of the radiator. The insta-
bilities edversely affect the distribution of flow in the parallel network. An equ-
tics is developed in Reg. (1) for computing the limits uf stable operation. Ftsure 6
compares the mlnlmum stable operating temperatures coaputed for the re_elulna flulds
for which low temperature viscosity data are available. RS-Sga • i8 unacceptable
for very low temperature applications because of flow stability problems. It is ex-
pected that the FC fluids which could not be analyzed would be acceptable.

High teuperaCure operation i8 limited by permeability and streugth og transport
tubing. Fluids with hash permeability coefficients and hash vapor pressure require
unacceptable tube well thickness. Permeability tests discussed in Reg. (2) show that
leakage races for Freon 21 ere Coo high except at very low temperatures, and chat
Fresh ll and Frees E-I are acceptable only for temperatures below 1o0oF. Ss_ples o_
the FC fluids have been ordered fo_ testing. It 18 e,_pected that the permeability
of these fluids will be similar to that of the Freons. However D no decisions should
be made with regard to fluid selection until the FC fluids can be tested. PC-88 is
attractive as a candidate fluid because of its thermal perforJance characteristics
and cube diameter requirements,4)gthe fluids teated Coolauol 15 and Press ll have the
more desirable properties for flexible radiacorso RS-89-a is the optlmua fluid for
appli_stiono where the minimum fluid outlet temperature does not drop below the stable
operating limit. Because of the way chat the manifolds are arranged in the prototype

it radiator t the flow network actually is co:prieed of tw_ series connected parallel banks

of cubing. This extends the limits of stable operation. Figure 6-a g_ves the approx-

Imate stable region of operation for RS-89a in the prototype radiator.

• - E hyle.eCl,ool - 00000001-TSG02
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2.2 Tubing Selection Studies

An extensive materials evaluation survey documented in Ref. (3) compared data :'_
on twenty-eight tubin s materials. The study identified polyurethane and FEP Teflon
as havim8 desirable properties for use in flexible radiators. Two additional materiels
wars tasted duties this reportinS period as possible alternates. Flexita FN Nylon was
selected for further evaluation at NASAOs request because of its compatibility with

Fraons. A sample of tubing was obtained and teated for flexibility, oThe sample was
extremely ztiff at low temperatures and shattered upon bending ac -75 F. Hytrel tubing
was also obtained and tested as a possible substitute for polyurethane. Compatibility
teats at 200°F showed no effects of exposure to Coolanel 15 and Fresh E-1 after 24 hours.
The Hytrel did swell by approximately 30Z in the presence of Fresh ll, and deterior_ted rwith exposure to Freon 21. Vendor data given in Fi S. 7 indicates chat the Hytrel xs
more flexible than Polyurethane at low temperature, and is stronger at high temperatures.
Creep data given in Fie. 8 shows that the high temperature strength is sufficient for
flexible radiator applications when the wall stress does not exceed 500 psi. This is
well within the limits expected for the fluids identified in Section 2.1. Vought tests
showed the meta:iel to be eompaciblewith Coolanol 15. Additional tests are planned
for compatibili:ywith the FC fluids.

2.3 Tubing/Manifold Connector Tests

An apparatus was designed to teat methods for connectin S Teflon transport tubin S
to a manifold. Work under previous contracts has shown chat leaks develop at the mani-
fold fittinSe because of cold flow of the Teflon. Therefore, several unusual types o£
connectors designed to resist leakase caused by cold flow were tasted. A manifold was
constructed, as shown in FIg. 9, su that several concepts could be tested simultaneously.
The test sequence consisted of alternate exposures to hot and cold environments with
the system pressurized to 200 pzis. The tubing was charged with Coolanol 15 to test
compatibility btwe_n the transport fluid and materials used in the connectors. The
system was submersed in a 200°F bath for periods of approximately t_o days followed by
short exposures of approximately lO minutes duration to a dry _ce bath at -75°F. The
system was then checked for leaks and re-i_aaersed in the hot ba:h. Very small leaks
were easily detectable following the cold exposure because the leaking transport fluid
would melt and discolor frost accumulatin S on the STatem. Leakage was also monitored
by measurins the level of the l4eniscus of the extrapped transport fluid which was ob-
servable through a 0.25 ° dis. sight glass. Table III lists the types of fittings teat-
ed and sires the results after 24 days of testing. The test sequence lb schedules to
continue for 30 days. The Swaselok fittinss listed in Table Ill contain two compression
ferrules that squeeze the tubing as the fitting is tightened. The alumintun-alumin_
designation for test specimen No. 1 indicates that both ferrules are aluminum. For
specimen No. 6, the back ferrule is stainless steel and the front ferrule is Teflon.
The threaded nut of all awasslok fittinss tested is aluminum. Inserts made from
stainless steel tubin$ (.062'o OD x .006" wall) were in_talled inside the 1/8" OD x 1/16'°ID
Teflon tubing to restrain the deflection of tubing as the fittings were tightened. Sim-
ilar inserts were used in the _oncomprussion type slued connectors. In this case the
Teflon cubin s is Slued to the inside of a larger cube as shown in Fig. 10. This type of
fitting is not susceptible to cold glow of Teflon as occurs in compression type connectors.
The inserts were used in this case to force the tubin S cross section to be c£reular, and r
insure a soun_close tolerance glue Joint. I

The results in Table III show that all of the pure compression type fittings leaked m

at some point in the test. These fittings did not leak after every cold soak, but some |
leakage did occur at each fitting at least once during the 24 day teat. The connector e

with stainless steel back ferrule and Teflon front ferrule leaked leas than the other

I
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compression fittings. None of the compression type fittings with glued ferrules leaked.
These fittings were prepared by etching tile outside diameter of the Teflon tubing and
coating it with 3-M EC-2216 epoxy. The fittiug was then assembled end tightened before
the adhesive was cured. Most of the overlapping tube glued Joint connections developed
leaks during the test. Apparently it is more difficult to obtain a thin uniform layer
of glue with thls method than in the compression type fittings. This Is important be-
cause vapors form inside the adhesive during the cure cycle and create leak paths for

i the transport fluid. It is. therefore, essential to maintain pressure at the Joint dur-

ing the cure process to keep the glue thickness at a minimum end retard the formation
of leak paths. It is possible that methods could be developed for making this type of
Joint effective. However. because of the success of the co_pression _ype glued Joint.

' no further work is planned in thle area under the present contract. Two types of Epoxy.
3M-EC2216 and Aremco-gond 526 were tested. The EC-2216 adhesive proved satisfactory
for the compression Joint as described above. However. the Aremco-Bond 526 adhesive is
unacceptable for thls application because it expands to approximately double Its oriEl-
hal volume during the cure cycle, and is very porous in the cured state.

2.4 Htczomateoroid Impact Simulation Teer_a

Texas A&MUniversity has been contracted to perform m£erometeoroid impact simula-
tion tests on Teflon and Polyurethane. A $750 fixed price, best effort contract was:
issued. The work will be carried out by student labor under the supervision of Dr.
J. L. Rand, Space Technology Division, Texas Engineering Experiment SCat ton, Texas,
AG_4University. The work will be completed before 20 December 1976. An unspecified
number of 0.080 inch projectiles will be fixed at various velocities up to 6 kilometers/
sec using a light gas Sun. PEP Teflon sheet and Polyurethane tubing were supplied by
Vuught. The test will be designed to verify or establish equations used to size the
tube wall thickness of the flexible radiator.

2.5 Evaluation of Copper/Silver backed Teflon

Sheldahl Advanced Products Division, who manufactures Ineonel/Silver backed Teflon
used in the fin material of flexible radiators, suggested that the Ineonel film normally

_ used in conjunction with silver might be replaced by copper. The purpose of the lnconel

film the silver from corrosion. Sheldahl has reently successfully re-
is to protect

_ placed this film with copper on materials used in solar collectors. If copper is used,
the cost of fabricating the fin material is reduced by more than $5,000. and the mater-
ial can be produced in continuous rolls rather than in 10' lengths. Sheldahl shipped
samples of copper/silver backed Teflon to Vought for preliminary testing. Small sec-
tions of the material were glued together to test compatibility of the copper and the
adhesive previously selected for laminating the Prototype flexible radiator, ghefi the
sample was exam, ned after it had been heated to 300oF to cure the adhesive, it was dis-
covered _hat the silver fin had become discolored. A second sample was prepared with-
out adhesive and placed in an oven at 200°F. It also became discolored after a few
hours exposure. This indicated that the copper had diffused into the silver at high
temperature. Sheldahl was contacted, and they subsequently performed sin_Llar tests st

_ their facility. They confirmed Voughtts conclusions, ghaldahl measured the solar absorp-
tivity prior to and subsequent to heating. This measurement showed that the abeorl_V-
icy had doubled. The higher value of solar absorp_ivity is unacceptable for flexible
radiators. Thus copper/silver backed Teflon was rejected for use in this application.

3.0 Progress on Major End Items

The design requirements phase is nearing completion. One transport f]uld, FCSg,
remslns to be tested for compatibility and permeability in Hytrel and FEP Teflon tubing.
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These tests should be completed within the next two weeks. Meteoroid penetration
tests are in progress, but final resultN will nor be svoilable in time to influence
the design of the prototype radiator syRtem. Preliminary results will be available
to verlfy equatloni used in the design, and could impact the program if major dis-
erepanciss ere observed. Design drswln_s m_c being prepared for tooling to laminate 4
the radiator, and for components such as the deployment drum whlcb are not affected
by the unresolved items in the desIsn requirement photo. Sheldahl Advanced Products
Division has been contracted to fabricate the fin materlal for the radiatorj and
delivery is expected by 30 November 1976.

4.0 Work _cheduled During the Next Reporting Period

_ork during the next monthly reporting period will be directed towards fln_lizlnS
the design requirements studies and iniClatln8 the detailed design dr_wlngs for fabrl-
caring the system.

-18- I
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1.0 Overall Progress

Work during the fourth reporting period has been concentrated on the design

requirements and des._p phases of the prrgras, end addresses the followlng sub-

Jeers:

1) transport fluid evaluation

2) transport tubing evaluation

3) U.V. degradation of flexible radiator adhesives

4) fabrication tooling design

5) detail design drawing

Studies documented in previous reporting periods have established a basis for

designing the system. The purpose of the design requirements studies of this re-

porting period have been to reduce cost and improve the radiator performance. The

search for better fluids and tubing during the last reporting period has eliainatad

several possible candidate materials but has not lead to improvements in the system

design. U.V. degradation tests on adhesives are being conducted at NASA Langley

Research Center to determine whether it is possible to delete the Silver/Inconel

L_: vacutnndeposited coating currently being employed to protect the adhesives from

_I solar exposure. There is a potential for significant cost reduction if it is de-

retained that the glue is not vulnerable to U.V. radiation and therefore does not

require the protective Silver/Inconel coating.

Tooling for fabricating the radiator panel will be produced during the nextreporting period, and the fin material will be la_nated at Sheldahl Advanced

Products Division. This will initiate the fabrication phase of the program.

2.0 Progress on Individual HaJor Areas.

2.1 Tram,sport fluid/tubing evaluation: Fluid/tubing compatibility and

peraeability tests were conducted with 3M fluids FC 77 and FC88 and transporttubing constructed from Dupont Rytrel and FEP Teflon. The tests showed that the

fluids permeate the Teflon tubing at unacceptable rates, and weaken the Hytrel

_: tubing to such an extent that it cannot withstand the required internal fluid

pressure. Per_ability does not appear to be significant for the Hytrel tubing.

. "' However, at temperatures above 150°F the material creeps at a prohibitive rate

when exposed to the FC fluids at operating pressures. The tubing does not creep

: when It is pressurised with N2 gas at 200°F.
!!

2.2 Adhesives Tests: Smell samples consisting of films of adhesive coated

on i" dlameter aluminum disks were prepared and shipped to NASA Langl_y Research
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Center for U.V, degradation testing. The samples coapleted at the time of this

report were p_epared with General Electric SR-585 and 5R-574 adhesives. Two types

of samples were made with SR-585 adhesive. One has the adhesive film exposed

directly to a vacuam-U.V, environment. The second has the adhesive covered _tth

a film of Teflon/Silver wire mesh radiator fin materiel. A single sample was con-

structed wtth SR-574 adhestv_ exposed directly to the _acu_m-U.V. envLror_menC.

Haterials have been ordered to prepare additional samples w/oh SR-574 end 573

adhesives. The exposure tests will last approximately 30 days. The purpose of U

the tests is to detetssinewhether a layer of Silver/Income2 is required in the

flexible radiator fin material to protect the adhesive from the solar flux. Addi-

tional samples are balms constructed to determine the peei strength of the adhesives.

2.3 DaniSh: Destp drawings were produced for a tooling plate to be used in

fabricating the radiator panel A conceptual sketch of the plate is given in Progress

Report No, 2. Materials for the tooling plate have been ordereds and fabrication

will occur durtn 8 the next reporting period. Work continues on the design drawings

for the flex_.ble radiator panel and deployment/retraction system.

3.0 Frogres8 on Major End Item

The program is on schedule. The design requirements phase has been completed,

and work is in progress in the design phue.

4.0 Work Scheduled During the _ext lhkport£n$ Period

The fabrication phase will begin during the next reporting period. Tooling

plates will be fabricated at Vought. and the radiator fin material will be lmainated

st SheldahlAdvanced Products Division. A zBeting will be saheduledwlthNASA3SC

Co review the design phase effort.

I
I•
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Monthly Progress Report No. 5

I_velolxaent of a Prototype Flexible Radiator System °' J

1.0 Overall Progress

14ork during the fifth repo_.tng period has been concentrated on the design
and fabrication phases of the flexible radiator development pro_.em and addresses
the following subjeate:

1) radiator design for selected transport fluids

2) UV degradation of flexible radiator adhesives

3) lamination of radiator fin materials

_) machining of tooling plates for fabricating the radiator panel assembly.

The optimum weight and dimensions of the radiator panel were determined for
Coolanol 15 and E_i_l,:ne Glycol-Water transport fluids. Ultraviolet degradation
tests are being conducted at NASA Langley Research Center to determine Whether it
is possible to delete the Silver/Inconel vacuum deposited coating currently being
employed to protect the L_dhesives from solar exposure. Tho cc_.posite radiator fin
material consisting of silver wire mesh and FEP Teflon was fabricated successfully
at Sheldahl Advanced Products Division. A tooling plate for laminating the fin
materials ta transport tubing is being produced by the Vought SES Laboratory.

2.0 Progress on Individual Major Areas

2.1 Radiator Dasign for Selected Transport Fluids.Calculations were made
to determine the radiator panel and deployment syst_ size, weight and operating
limits for Coolanol 15 and RS-89a transport fluids. As discussed in Progress
Report No. 3, these fluias have acceptable thermal properties and have very low
rates of permeation through the flexible transport tubing. FEP Teflon end I_y_rel
tubing are compatible with these fluids, and have sufficient strength and flexibility at
high and low temperatures. Table I eu_uLrizes the radiator design parameters which
result from optimizing the system based on the ther_._d_namic properties of the two
fluids. The table shows that the system weisht and siz_ are reduced if RS-89a is
selected over Coolanol 15. However, the minimum stable fl.tid outlet temperature
is lower for Coolanol 15. Figure I gives the stability cur_ of the two fluids
for the series connected banks of parallel tubes of the flexible radiator. The
data in Fig. 1 are determined by methods described in reference (I_. They show
that the minimum stable outlet temperature for Coolanol 15 is _rom _.5°F to _5°F
lower than for RS-89a. This is probabl_ more significant than the adv,_nta_eof
weight and size for RS-89a. However, the stable range of operation for either
fluid is too narrow for most space applications where the mixed fluid outlet
temperature is reffAlatedby means of a typical by-pass valve type controller. The
disadvantage of a narrow stable operating band can be off-set by employing a con-
troller which adjusts the extent of deployment of radiator panel to preve_lt the
fluid outlet temperature from becoming too cold during low-load conditions. If

N-:18
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TABLE I

COMPARISOR OF FLEXIBLE RADIATOR DESIGNS

DESIGR VARIABLE RS-89A COOLANOL 15

Radiator Panel Len_h 2_.I' 25.7'

RadiatorPanelArea 76.9Ft2 82.0Ft2

Radiator Panel Width 38" 38"

Number of Tubas 50 50

T_,lhe Sp_olng 0.75" 0.75"

Tube Outside Diameter 0.125" 0.125"

Tube Inside Diameter 0.0625" 0.0625"

Relative Weishte 51.3 ib 58.3 ib

Pressure Drop 33.0 psi 25.5 psi

Ben0/nK Moment for i0" Dia Drum i_ in-lb i_ in-lb

Minimum Outlet Temp. (IO0°F Inlet) -20°F -70°F

Radiator Fin Emissivity 0.71 0.71

Radiator Fin Efficiency 0.9_3 0.9_3

Spring Dimensions (5" Dia Mandrel) .0167" x 3" x 29' .0167" x 3" x 31'

rathe relative weight includes manifolds, the deployment drum, retraction springs,

transport tubing and fittings, tranlport fluid, radiator fine, and the weight

penalty for fluid pressure drop.

2 A-79
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this is done. the limits of stable operation will influence the design of the
controller, but the magnitude of the effect is unknown at the presenL time. A
Vought funded study is being conducted to establish a preliminary controller
design for flexible radiators.

The availability of Coolanol 15 for future flexible radiator applications is

1_estionable. There are currently only _i gallons in existence, and the manufacturer 6,
nsanto) does not plan to continue production. The minimum order required to re-

open production is 7000 gallons at the current price of approximately $110 per gallon.

The radiator desiEns su_arized in Table I are based on results given in
Figures 2-10. Figure 2 gives the bending moment which must be supplied by retraction
springs to wrap the radiator panel around a 10" dia. deployment drum for various
tUbing diameters and spacing. Since the tubing must be connected to manifolds with
standard sized fittings, only two diameters, .0625" and .125", given on the abscissa i
of Fig. 2 are actually practical for the prototype test article. The weight and
size of the deployment _Vat_ required to support the bending moment associated
_ith the O,125 tt ID tubing is much greater than for the 0.0625" ZD tubing.

Figures 3-6 show the effect of tube spacing and diameter on requtred radiator
panel area and length for the two transport fluids. _ne figures show that the panel
size is relatively sensitive to tube spacing and is smallest for close tu_e spacing.
Tube spacing less than 0.75" is not practical because of weight considerations and
associated problems in fabricating the radiator panel.

Fi6nAres7 and 8 give the system wet weight as a function of tube diameter and
spacing. The curves show that the minimum weight occurs at diameters intermediate to
the two practical values of .0625" and 0.125". However, the weight obtained for .0625"
ID and 0.75" spacing is only a few pounds greater than the minimum possible value.
The system weight given in Figs. 7 and 8 includes a welght penalty for _umping power
which is assessed assuming a penalty factor of _0 lo./kw and a combined pump/motor
efficiency of 13%. It does not include the weight of a deployme_t box or of other
hardware which is indeRendent of the radiator panel configuration.

For reference purposes, the pressure drop across the radiator panel is given in
Figs. 9 and 10. The data gi,ren in the figures includes the pressure losses in the
manifolds, and minor losses at the tube fittings.

Considering radiator panel stiffness, weight, and area, and the practicality
of standard tube sizing; a tube spacing of 0.75" and tubing ID of 0.0625" is recom-
mended. The required tubing OD for 90% survivability for a 30 day mission in a
micrometeoroid environment is 0.125". This leads to the radiator design summarized
in Table I. Coolanol 15 is better suited for this application than RS-89a because
of low temperature operating characteristics. However, because of the possibility of
Coolanol 15 being unavailable for future applications, it is recommended that the
prototype radiator be tested with RS-89a.

2.2 Ultraviolet Degradation of Flexible Radiator Adhesives

A 30 dew solar e_posure test of General Elect_.icSR 585 adhesive is in progress
at NASA LansleyResearch Center. The test sample consists of a small section of flexi-
ble radiator fin material bonded to a polished aluminum test fixture with SR 585 ad-
hesive. The sample is tested in a vacuum environment with the ultraviolet flux directed
on the adhesive through the transparent fin material. This approximates the shiei.?_ng

_ of the adhesive by the fin material that would actually occur in a solar oriented space
application of the flexible radiator. However, the presence of the aluminum test

i fixture could have an undesirable effect on the test results. The fin material and
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adhesive are transparent so that the aluminum mountln_ fixture is vielble through the

test specimen. Thus the mnittance and absorptance measurements made for the test

sample include the properties of the aluminum fixture. If the adhesive reacts withthe test fixture such that it changes the alum/hum surface properties, the effects

be associated with the degradation of the adhesive. Also, since the solar absorptance
of the alumin,,, is relatively high, the equlibruim temperature of the test sample is
higher than the normal operating temperature of the radiator. Data for the first week

Ii of testing show that the measured solar absorptivity of the test sample is increasing
as a result of the UV exposure. This could mean that the adhesive is degrading and
would thus require protection from solar exposure. The present plans ere to continue

!_ the current test to see if the early trends continue, and to try to devise an alternate

i_ test Which better simulates the actual radiator operating conditions.

2.3 Lamination of Radiator Fin Material
Sheldahl Advanced Products Division fusion bonded silver wire mesh to Teflon

film to produce the fin material to be used in the flexible radiator. The fin material

is produced on a roll laminating machine which employs matched heated rollers to

increase the tmaperature of the Teflon to the melting point and to press the silver
screen into the molten film. This is an unusual laminating process which required

i_'" modification and adjustment of the roll laminating equipment. Sheldehl had requested

that Vought supply three times the quantity of materials actually required. They
_ actually needed only twice the required amount and thus were able to produce more fin

II material than is needed to fabricate the radiator. However, the silver wire mesh
(purchased from Newark Wire and Cloth Company) is relatively non.uniform, and as a

result, not all of the fin material produced is usable. The excess fin material not

used in the prototype radiator will be stored and eventuslly used to make smaller

sections of radiator for element tests and demonstration purposes.

Because of the high cost and relatively poor quality of the silver wire mesh,
alternate vendors or materials such as expanded silver metal foil should be considered.
The mesh used in the prototype radiator eonte/ned several smell void areas where wires

had been skipped in the weaving and large sections
process_ were severely distorted,

apparently as a result of stretching the wire when stowing it for shipment. The

small diameter Wire is very flimsy and easil_ de_e4_ed.

2.4 Machinlng of Tooling Pla_ee for Fabricating the Radiator Panel Assembly

The tooling plate described in the Progress Report No, 2 is being fabricated

in the Vought SES Laboratory. The fabrication of the plate should be completed during

the next reporting period.

3.0 Progress on Major End Items

The progr am is on schedule, Work is in progress in the design and fabrica-

tion phases.

4.0 Work Scheduled During the Next Reporting Period

The UV degradation tests of adhesives at NASA Langley Research Center and the
fabrication of tooling plates in the SE8 laboratory will continue. Otherwise very

little activity is scheduled during December 1976. The next fabrication phase activ-

ities depend on the outcome of the adhesives tests. Vought _hmded Research and De-
velopment will be conducted during December 1976 to prepare for future bid opportuni-

ties on long life flexible radiators and to develop a control system for the prototype

i radiator.. 1_ _-91
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(i) Leash, J.W., "Flow Instabilities in Spacecraft Radiators", Vought Report !
No. 169-56, 20 Nov. 197_.
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MOL"_HLYPROGRESS REPORT NO. 6

DEVEI_PME_T OF A PROTOTYPE FLEXIBLE RADIATOR SYSTE_

1.0 Overall Progress

Work _uring the sixth reporting period has been concentrated on the design and

fabrication phases of the flexible radiator development program and addresses the

following subjects:

1) Ultraviolet d_gradation of flexible radiator e_lhesives

2) Machining of tooling plates for fabricating the radiator panel assembly.

Ultraviolet degradation tests are being conducted at NASA Langley Research Center

to determine whether it is possible to delete the Silver/Inconel vacumn deposited

coating currently being employed to protect the adhesives from solar exposure. A

tooling plate for laminating the composite flexible radiator fin material to trans-

port tubing is being produced by the Vought SE8 laboratory.

2.0 Progress on Individual Major Areas

2.1 Ultraviolet Radiation Degradation of Flexible Radiator Adhesives.

The vacuum/solar degradation test of General Electric SR 585 adhesive at NASA

Langley Research Center was terminated after two weeks exposure. The solar

absorptivity data collected during the test and presented in Table I show that the

properties of the adhesive did change appreciably as a result of the vacuum/ultra-

violet radiation exposure.

TABLE I VACUUM Ultraviolet Radiation Degradation of
General Electric SR 585 Adhesive

Test Condition Solar Absorptivity

Ambient Air 0.260
Vacuum 0.273
After 5 days in vacuum 0.282
After _2 hrs vacuum/UV exposure 0.291
After 68 hrs vacuum/UV exposure 0.302
After 159 hrs vacuum/UV exposure 0.312
After 325 hrs vacuum/UV exposure 0.354

A_9@
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q
The adhesive saaple was exeatned under a m_croacope following the test to

dete_ine whether the abeor)tivity seas_remnts _tu_ly reflect physical degrada-

tion of the adhesive. As described in Prosreas l_eport Be. 5, there was some concern ' I

that the altnintm test fixture to which the adhesive was attached might influence

the test results. However, the post test examAnation revealed that the adhesive

had darkened, and therefore, would necesse_ily have a higher absorptivity than it

initially had as a tran|parent film. Small sections were observed where the ad-

hesive was not in contact with the alumimum test fixture. These sections had the

same appearance and color as the sections which were in contact with the alumina.

This indicates that the adhesive had de©reded independentlM of the test i_Axture,

anal that the changes in the solar absorptivit_r mee_ure,_ents are tied directl_ to

the physical degra4ation of the adhesive. Because of the _uq_nitude of the absoz'p-

tivity increase in Table I. the S_-_8_ adhesive is unacceptable for the flexible

radiator application unless it is protected from solar exposure.

A second t_st specimen was prepared with _R 573 adhesive and shipped to NASA

Langley for testing. If this sample does not degrade, SR 573 will be used to

fabricate the radiator. If the adhesive does degrade, the radiator will be fabri-

cated with either SR-585 or 8R-ST3 adhesive, and a protective coatin8 of Silver/

Inconel will be provided as originally planned. The tests at NASA Langley will

be terminated in JanuAry 19_7.

2.2 Mashiuin_ of Toolln8 Plates for Fabrioatin_ the Radiator Panel AcswablM

The Vought S_S I_boratory completed work on the Flexible Radiator tooling

plate. A plwnblng syste_ is heir_ fabricated to connect the plate to the Vought

12 _ diameter vacutm ch_ber. The vacuum equipped plate will be used to hold the!
radiator panel an_ tubing in position for ionisation. The radiator will be le_ine_

ted during February 1977.

...... O0000002-TSBIO



3.0 Progress on Major End Items

The Flexible Radiator thermal vacuum test at NASA-JSC has been rescheduled for k

November 1977 to coincide with the availability of the NASA-JSC vacuum chamber.

I The revised Flexible Radiator development pr,_grsmschedule is given in Fig. i. _,e
} : design phase of the program is es_entially complete. Work is in progress on the

fabrication phase.

..0 Work Scheduled During the Next Reporting Period

The ultraviolet degradation tests of adhesives at NASA Langley Research Center

will continue during January 1977. The flexible radiator deployment drum, manifolds,

and fittings will be fabricated in the Vought SES Laboratories.

-- 3 --
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MONTHLYPROGRESSREPORT,'t'O. 7

DEVRLOPMERT OF A PROTOT_ FLEXIBLE RADIATOR SYSTEM '_
A

i.0 OVERALL PR00REBB

Work dttring the seventh reporting period has been concentrated

on the fa_rleatlon and test planning phases of the flexible radiator,development
program and addresses the following subjects.

i. Ultraviolet degradation of flexible radiator adhesives

2. Fabrloation of manifolds and the deployment

3. Co_puter math models for pro-test predictions

_. Seleetlcn of time and plaoe for thez_al vaeut_ntesting

5. }fypervelocity impact testl_

2.0 PROGRESS ON XNDIVIDUAL MAJOR AREAS

2.1 Ultraviolet Radiation De_Tadation of Flexible Radiator Adhesives

Two samples of flexible radiator adhesives were tested at NASA-
Langley Research Cen_er. The first se_mpleconsists of General Eleetrle BR-585
adhesive sprayed on an al_in_a test fi,_ure. The solar absorptivity increased
from 0..155 to 0.215 during 583 hours of exposure. _:',.though this rate of degra-
dation is not as severe _s was measm'ed for a pre ", _ sample of SR-585 adhesive
covered with flex _ s radiator fin material, it is ;_iLl unacceptable for this
flexible radiator application. The second _ample eonsi_s of a section of flexi-
ble radiator fin mat,,rial glued to an almninum test fixture with SR-573 adhesive.
The solar absorptiv_t¥ measurements for the sample are given in Table I.

TABLE I

UV E_OSURE DATA FOR GE SR-585 ADHESIVE

Test Conditions =
In air before exposure to vacuum 0.230

-- In vacuum prior to UV exposure 0°233
In vacu,-, after 19 hours UV exposure 0.256
In vecu_ after 66 hours _V exposure 0.261

_ In vacuum after 180 hours UV exposure 0.279
L

: The results show that the rate of degradation for SR-573 is too great for the
flekthle radiator requirements. NASA-Langley has requested a second 8R-573
adhesive asJnple without radiator fin material. This ,ample is being prepared

A-99



by Voug_nt. However, because of schedule commitments it is not possible

to delay the fabrication of the radiator panel to obtain data from this \

test. Because of the increase in solar absorptivity measured for the '

other samples a decision was made Jointly by NASA/JSC and Vought to provide

UV protection for the flexible radiator adhesive. This requires that the

radiator fin be coated with silver/Inconel prior to the application of the
adhesive.

2.2 Fabrication of.Manifold _-and Deployment_Drum

The Vought SES Laboratory is manufacturing the manifolds and

deployment dr_sn for the prototype radiator. The manifold is 0.50 inch I.D.

x 0.75 inch O.D. 6061-T6 aluminum. Swagelok compression type fittings are

being welded into holes drilled through the 0.12_ inch thick tube stock on

0.75 inch centers. The Swagelok forgings to be welded into the manifold
are 201h aluminum. Special order anodized swagelok nuts are being purchased

in place of the standard swagelok nuts which are eadimum plated 2017 al_minum.
The deployment drum is being rolled formed frc_ 0.0625 inch thick 6061-T6
aluminum sheets.

2.3 Computer Math Model

Two SINDA thermal math modelr are being prepared to perform

pre-tezt predictions for the flexible radiator thermal vacuum test. The
firs_ model is designed to expedite the development of a method for control-

ling the fluid outlet temperature by regulatiug the extent of deployment of

the radiator panel. It models a typical flow path rather than a bank of

i parallel flow passages. It accounts for fluid lag time in the manifolds and
also models the thermal interactions between adjacent elements of the radiator

_ panel as the radiator is rolled or unrolled from the deployment drum. This
model will be employed to test candidate methods for controlling the syst_,

' and will not require excessive computation time. The second camputer model

being developed is much more complex, and simulates thermal interactions such

'_ as the heat transfer between adjacent tubes which are not accounted for in
•_ the first model. It will be employed to make the final prs-test predictions

! after a method of control has been established from the simpler model.

2.4 Selection of Time and Place For Thermal Vacuum..Testi_

_ NASA/JSC decided that the test would be performed at their

•_!_ facility during July 1977. The decision to test at NASA rather than at Vought

r was made primarily because NASA has the capability to simulate solar exposures
whereas Vought can provide only ir,frared environments for large test articles.

,_ The July time period was selected in accordance with %he availability of the

NASA Chamber B and the schedule of the Flexible Radiator Development Program.

2.5 Hypervelocit_ Impact Test Results

Meteoroid impact simulation tests at Texas A&H University were

concluded in December 1976. The test report is enclosed as Appendix A. The
:esults indicate that the ballistic equation described in Progress Report No. i

_- I00
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provides an accurate means for computing the depth of penetration of '_
hypervelocity projectiles in Teflon transport tubing material. This equa-
tion has been used as a basis for determining the tube wall thickness
required for survival in the near earth micrometeoroid environment.
Therefore, no design changes are required as a result of the Texas A8_4
study.

3.0 PROGRESS ON MAJOR END IT_

The Flexible Radiator thermal vacuum test at NASA/JSC has

been rescheduled for July 1977. The revised Flexible Radiator development
program is given in Fixate I. The design phase of the program is essen-
tially complete. Work is in progress in the fabrication and test planning
phases.

4.0 WORK SCH_)ULED DURING THE NEXT REPORTING P_IOD

Wore will cQ,,tinuein the fabrication and test planning
phases of the program as shown in Figure i.

_-IO1
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M01qTl*ff,YPROGRESSREPORTNO, 8

D]_ELOI:q4ENTOF A PROTOTYPEFLEXINJE RADIACI_)RSY_"_4 , _.

1.0 OVERALLPROOR_S

Work during _he eighth reporting period has been concentrated on
the fabriaatton and test planning phases of the flexible radiator develolzent
program and addresses the following subjects.

1. Sil_:er/Inconel coatin_ of fin ._tertal

2. Computer math models for pre-teet predictions

3. Design of Table for 1-g deployment of radiator

_. PreliLtns_y test sequence and requirements list

2.0 PROGRESS ON INDIVIDUAL MAJOR AREAS

2.1 Silver/_IneonelCoatlng of Fln Meterlal

Sheldahl Advanced Products Division is Up&Tadtng their vacuum de-
position facilities so that they will be able to coat the flexible radiator
fin material in a continuous section. Prewlously they have had the capa-
bilities to coat _' x 8* sheets, but have not been able to vacuum deposit
eilver/inconel on continuous rolls of materiel. This is sl_niflcant because
it will remove the requirement for having to cut the panel into sections to
apply the ooatlng, and subsequently to reconnect it to form 30' lengths.

2.2 Computer Math Model

Two 8XNDA thermal math models are being pre_al,ed to perfol-m
Dr'e-test predictions for the flexible radiator thermal vacuum test. The
_'-_.et model is designed to expedite the development of a method for control-
1L_ the fluid outlet temperature by regulating the extent of deployment of
the ra._tor p_nel. It models a typicel flow path rather than a Uank of
parallel flow passe_es, It accounts for fluid la_ time in the msnlfolds and
also models the thermal interactions between adjacent elements of the radiator
panel as the radiator is rolled or unrolled from the deployment drum. This
model will be employed to test candidate methods for controlling th_ system,

and will not excessive time, The model
require computation second computer

being developed is much more complex, and simulates thermll interactions such
- as the heat transfer between adjacent tubes which are not accounted for in

the first model, It will be employed to make the final pre-test predictions
after a method of control has been established _Tom the simpler model.

2.3 De_sign of Table for 1-g Deployment of Radiator

Prelim_nary sketches were prepared for fabricatin_ a deployment
table to be used in thermal vacuum tests at I_ASA/JSC, The table will be

. 00000002-TSCi



conductedfabricated by NASA-JSC. Ambient deployment tests will be at
Vought on an existing table to confirm the design principles of the new
table prior to _abrication. The existing table is unsuitable for the thermal

l vacuum tests. Ambient tests will also be performed with the new table atNASA prior to thermal vacuum testing.

2._ Preparation for Thermal Vacuum Testin_

A preliminary list of instrumentation and NASA-SESL support equip-
ment requirements was prepared and submitted to NASA-JSC. A preliminary

- test sequence which describes a recomended approach for measuring the

flexible radiator performance is enclosed in Appendix A. Analysis pertaining

i to the optimmn spacing and power requirements for IR lamps is given in Appendix

B. A detailed test schedule which includes the dates that all test documenta-

tion will be submitted to NASA JSC is being prepared by M. L. Fleming.

3.0 PROORES8 MAJOR END ITEMS

The design phase of the program is essentially complete. Work is

, _ in progress in the fabrication and test planning phases.

_ _.0 WORK pLANNED DURING THE NEXT REPORTING PERIOD

i Work will continue in the fabrication and test planning phases.

L
!
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22 Feb 1977

APPENDIX- A

I_LIMINARY FLEXIBLE RADIATORTEST SE_ENCE
t

A. SOL&RAND INFRAR_ ENVIRONMENT,T = OOF \

O. Measure 4,_) _

1. Deployment, TIN • 100°Fj _ = 176 #/hr

2. Stead_ State Heat Rejection, TIN = IO0°F, TOUT = 40°?, W = 176 #/hr

3. Environment Calibration, W • O, TIN • O°F

4. Flow Stability Limit,TiN • 1000F, _ = 176 #/hr

5. Recovery From Flow Instability

6. Retraction, TIN = IO0°F, W = 176 #/hr

7. Half Deployment, TIN = IO0°F, W = 88 #/hr

8. Steady State Heat Rejection, Half Deployed, TIN - 100°F, TOUT • _0°F,

= 88 #/hr

9. Plow Stability Limit , TIN = 100°F, Half Deployed

i0. Recovery Prom Flow Instabilltyl Half Deployed

11. Retremtion, TIN = lO0°F, W " 88 #/hr

12. Steady State Heat Rejection, Retracted, TIN = IO0°F, TOUT " _O°F,

= lo

13. Deployment, TIN = 200°F, W • 400 #/hr

1_. Steady State Heat Rejection, TIN = 200°F, TOUT • _O°F, W= _00 H/hr

15. Flow Stability Limit, TIN = 200°P, W = _00 #/hr

16. Recovery From Flow Instebillty

17. Half Retraction, TIN - 200°F, W = 400 #/hr

18. Steady State Heat Rejection, Half Deployed, TIN " 200°F, TOUT • _0°F,
0

W = _00 #/br

19. Flow Stability Limlt, Half Deployed, TIN • 200OF

20. Recovery From Flow Instability

21. Retraction, TIN = 200°F, W= 200 #/hr

22. Steady State Heat Rejection, Retracted_ TIM = 200°F, TOUT m 40°Fi

23. Deployment, TIN = 25°F, _ " 176 #/hr

24. Outlet Temperature Control, N • 176 #/hr, TIN - 100°F

25. Outlet Temperature Control, W • 400 #/hr, TIN - 200°F

26. Solar Exposure, TIM • IO0°F, W • 176 #/hr

_7. Sten_ State Heat Rejection, TIN = looOF, TOUT m 40OF, W=176 #/hr

28. _teady State Heat Rejection, TIN = 200°F, TOUT • 40°F, W= 400 #/hr

_9. Environment Calibration, W _ 0 , TIN . 0oF

30. Measure_,

mTramslent response data to be obtained durin_ the_e test points.
A-lO
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FRELIMINAR¥ FLEXIBLE RADIATOR TEST

SEqUENCE-CONTINUED

B° COLD E_VIROI_ENT , T = -300°F

O •

i. Deployment, TIN " i00 F, W = _50 #/hr

o = hoOF, W = hSC)#/hr 1
2. Steady State Heat Rejection, TIN = i00 F, TOUT

:. 3. Flow Stability Limit, TIN - 100°F, W = _50 #/hr

4, Recovery From Flow Instability (IR Lamps)

_ 5. Retraction, TIN = 100°F, W = _50 #/hr

" 6, Half Deployment, TIN = 100°F, W = 225 #/hr

7• Steady State Heat Rejection, Half Deployed, TIN = 100°F, TOUT = 40°F,
W = 225 #/hr

8. Flow Stability Limit, TIN = 100°F, W = 225 #/hr, Half Deployed
9. Recovery From Flow Instability, Half Deployed (IR Lamps)

i0. Retraction, TIN • 100°F, W = 225 #/hr

ii. Steady State Heat Rejection, Retracted, TIN = iO0°F, TOUT • _O°F

12. Flow Stabillty Limit, TIN.• 100°F, Fully Retracted, Recovery

13, Deployment, TIN • 200°F, W • 10001b/hr

lb. Steady State Heat Rejection, TIN • 200°C, TOUT = _O°F, W = i000 ib/hr

15. Flow Stability Limit, TIN • 200°F, W * i000 ib/hr

16. Recovery From Flow Instability

17. Half Retraction, TIN = 200°F, W = i000 ib/hr •

18. Steady State Heat Rejection, TIN • 200°F, TOUT = _0°?, W = 500 #/hr

19. Flow Stability Limit, Half Deployed, TIN = 200°F

20. Recovery From Flow Instability

21. Retraction, TIN = 200°F, W = 500 ib/hr

22. Steady State Heat Rejection, Retracted, TIN = 200oF, TOUT = 40°F

23. Flow Stability Limit, TIN = 200°F, Retracted

i 2h. Recovery From Flow Instability

I 25. Deployment, TIN = 25°F, _ = ]t50 #/hr \
• 26. Outlet Temperature Control_ W = _50 #/hr. TIN = 50 - 100°F

27. Outlet Temperature Control_ W = 1000 #/hr, TiN = 75 - 200°F

28. Steady State Heat Re_ection, Deployed, TIN = 200°F, TOUT = hO°F

*Transient response data to be obtained during these test points.

A-Io_
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MONTHLY PROGRESS REPORT NO. 9

DEVELOPM_T OF A PROTOTYPE FLEXIBLE RADIATOR SYSTEM

1.O OVERALLPROGRESS

Work during the ninth reporting period has been concentrated
on the fabrication and test planning phases of the flexible radiator develop-

meritprogram an_ ad_esses the following sub._ects. 1

i. Computer Math Models for Pro-Test Predictions
2. Preliminary Test Sequence and Requirements List

2.0 PROGRESS ON INDMDUAL MAJOR AREAS

2.1 .ComputerMath Model

Two SINDA thermal math models are being prepared to perform pre-test
predictions for the flexible radiator thermal vacuum test. The first model is
desi6ned to expedite the development of a method for controlling the fluid
outlet temperature by regulating the extent of deployment of the radiator
panel. It models a typical flow path Father than a bank of parallel flow pas-
sages, accounts for fluid le_ time in the manlfolds and also models the thermal
interactions betWeen adjacent elements of the radiator panel as the radiator is
rolled or unrolled from the deployment drum. This model will be employed to
test candidate methods for controllin8 the system, and will not require excessive
computation time. The second computer model being developed is much more complex,
and simulates thermal interactions such as the heat transfer between adjacent
tubes which are not accounted for in the first model. It will be employed to make
the finalppre-test predictions after a method of control has been established
from the simpler model.

2.2 Preparation for Thermal Vacuum Testing

A preliminary list of instrumentation and NASA-SESL s_port equipment
requirements was prepared and submitted to NASA-JSC. A detailed test schedule
to be submitted to NASA-JSC is being prepared by M. L. Fleming.

3.0 PROGI_SS MAJOR END IT_48 ,

_-- Work is in progress in the fabrication and test plauning phases.

b,.0 WORK PLAHNED DURING THE NEXT REPO_TI_G PERIOD

Work will continue in the fabrication and test planning phases.

!

!
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.MO.NTHLY PROG_SS REPORT_._NO.I...__0

i .0 OVERALL PROGRESS

Work during the tenth reporting period has been concentrated on the fabri- ;_

cation _nd test planning phases of the flexible radiator development program and

addresses the following subjects:

I. Flexible radiator panel element fabrication

2. Flexible radiator panel element thermal-vacuum test

3. Solar absorptivity of the radiator fin material

. Plannlng and Analysis of the prototype thermal-vacuum

test at NASA-JSC.

5. Submittal of Technical Paper

2.0 PROGRESS ON INDIVIDUAL MAJOR AREAS

2.1 Element Fabrication

An element test panel was fabricated to check out materials and manufacturing

techniques for the prototype radiator. No significant problems were encountered

in fabricating the element, and no scale up problems are forecast for the prototype

panel. The element was assembled using a grooved vacuum tooling plate described

in earlier progress reports. Subsequently, the element panel was removed from the

plate and heated in a vacuum bag to cure the adhesive used to bond the two halves

of the fin material around the transport tubing. Thermocouples _ere installed

between the two layers of fin materials.

Some small problems were noted which can be avoided when fabricating the

prototype. When assembling the element, the half of radiator fin material which

is placed on top of the transport tubing and the opposing half of the radiator held

in place by the grooved plate was pre-formedto provide grooves for the transport

tubing. However when the pre-formedhalf was placed in positiou it did not fit ,

properly over the tubing at the outside edges of the tooling plate, and had to

he reformed during assembly. This problem is believed to be caused by tolerance

buildup in the depth of the grooves in the tooling plate. %_ne grooves are

slightly deeper than required so that more fin material is required for the bottom

half of the radiator than for the top half. Further work with the element

showed that it is not necessary to pre-form the entire top half of the radiator

panel. If the center of the panel is pre-formedthe top half can be aligned with

the bottom half using the center tubes, and the outside _dges of the panel can then

be formed to fit as the system is assembled. This minimizes the wear of the fin

material. _" | ! L
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A second problem associated with wear during _ssembly occurs when the fin

material is pressed too firmly against the sharp edges of the grooves of the
i%

eoolinM plate. If this is done the fin stock is severed where it connects to the _;

transport tubing and the thermal contact between the transport fluid and radiator

fin is lost. This occurred on one tube of the element over a distance of

approximately 2 inches. This is less than 0.1% of the area of the element

pane].. A redesign of the rollers used to press the fin against the tubing is

required. Additional elements should be made to check the new design before

attempting to produce the prototype radiator.

Because the element panel wa_ not constrained durin_ the adhesive cure

cycle the Teflo1_ fin material shrank such that the area of the pe.nel was reduced

by approximately 10%. This will not occur in the protctype radiator because tLe

panel will be secured to the aluminum tooling plate during the cure cycle.

However, shrinkage of the Teflon is a potential problem for applications of the

flexible radiator when the transport fluid temperature is maintained at a high

level for long periods of time. Additional data are required to determine whether

this problem will be significant for typical operating conditions.

_ The shrinkage of the Teflon did create a minor problem in the fabrication

_-iV of the element because the spacing of the transport tubing changed during

i---- fabrication so that the tubing could not be easily attached to the rigid manifolds.

_t was necessary to loosen the glue line connection between the tubing and

fin material for 0.75" sections at the ends of the element panel in order to

attach the tubing to the manifolds. This destroyed the thermal connections between

the tubing and the fin material at the ends of the panel (about 8.5% of the total

panel area. )

[ The presence of the thermocouples between the layers of fin material does not

appear to cause any detrimental effects. However, the appearance of the radiator

is improved if the thermoeouple wire is not permitted to cross the transport tubing.
!

There were no problems with leakage of transport fluid at the manifold

connectors, and the flow distribution within the parallel tubing network was

found to be uniform. The R.M.S deviation from the avera&e flow for the

individual tubes was found to be less t_n 5 %.
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2.2 _ment Test
%

Figure 1 shews the flexible radiator element as inst_led in the vacuum

r '-' test chamber. The bhree tubes at the center ef the panel are instrumented with

_hermocouples at the entrance, mid-plane, and exit section_ as shown in Figure 2.

.. Thermocouples were also installed at the fin mid points between the three center

tubes to determine the thermal resistance between the fins and the tubes, The

inlet and outlet temperatures are mea_,,red with immersion thermocouples, and the

fluid te_,peratul . drop across the element is determined fJ'om delta connected

immersion thermoc.uples. The cold walls of the vacuum chamber are instrumented

at four ior'ations above, below, and at the sides of the test article. The

cold wall thermocopules are located at the mid points ef the flns.

All test article and facility data were recorded by hand en data sheets.

Readouts of the panel thermocouplea were made on a digital temperature indicator

capable of reading to 0,1°F. Readings frem the delta cennected tharmocouples

measuring inlet and outlet temperatures were displayed on a digital voltmeter

capable of reading to 0.001 my. The te),iperatureof an ice bath web recorded with

each data set to provide a real-tlme check of accuracy. A complete list ef test

equipment is given in Table I.

Prior to installing the element in the test chamber, the flow in individual

tubes was meas,_,ed by collectin6 watar iu open bee_er_, The flow distribution

measured fo_.the _'wenty five parallel tu. os of the element is given in Figure 3.

Thermal-vacuum test data were recorded for inlet temperatures of lO0°F and

"P 20OAF over a range of flow rates in the laminar flow regime. The vacuum chamber

"_ cold w811 -.... were maintained at approximately -300°F throughout the test.
k_

i_ Anal2sis of Environment

The chamber cold walls do not absorb all of the radiatien emitted from thetest article, but reflect part of it back on the panel. Part of the reflected

radiation is absorbed by the element se that the net rate of heat rejection isreduced.

The radioslty from the el__uent shut-..,in Figure h is:

Jl = _IEI �_IGI(]) BTU _.

when E1 blackbody emitted radiation (_r-_)

i GI = irradiation (BTU/'hr,.Ft2)
. for the cold walls

-: :: = :: ........ " - " 00000002--TSC14



i
H

-_- _,-I14.

00000002-TSD01





°,-I It_ r-I _I_ r-I r-I OJ 0 (1"I .._

ii i
r_

!flo °.i I!l
I -°- A-,,_ I

00000002-TSD03



-T-

00000002-TSD04



-\
\

1

I:IG O_.E 4 _rfE CTIV_ "rE gT E'Idv II_o kJ_ _ k/..i-

-8-
A-c_&

00000002-TSD05



The equations for irradiation are:

O1 - FI.2J2 (3)

., G2 m F2_IJI �F2.2j2(_) _
The net heat transfer from the element is:

(qlA)I - Jl - G1 (5)
Solvlng (i) - (5) slmultaneousl_fSlvea.

, (q/A)1 = _lee(E1 " E2) (6)
z - Oe e.e-pZp2Fe.Z ....

The approximate values for the view _ctors from the cold walls are:

F2_1 R .16

F2_2 " .8_
Thus, for a cold wall emissivity of 0.9, Eq. (6) reducei tol

(q/A)1 - 0.9875 El(E1 - E21 (7)
Eq. 7 shows that the beat rejection for the reflecting oold walls

environment is approximately 1.25_ lower than would occur in deep space.

,Anal_sisof Data

The heat transfer from an element in the radiator panel is:

,tq = ,/W_r (%4-T._) dX (8)
where :

= radiator fin efficiency

W = width of radiator fin

Tw - tube wall temperature

T_ a embient temperature

- effective emissivity (for two sided radiators _ z _e)

F = Stefan Boltzmsnn Constant

The tube wall temperature may he expressed in terms of the f_.id

temperature through:

Where R is the thermal resistan_e between the fluid _nd the _ase of

the radiator fin. Solving Eq. (9) for Tw_

or

From Eq. (9) the term(_(_d_) may be shown to be small

Thus hi,her order terms may be neglected in Eq. (11)

dx

--9-
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Equation (16) gives flow rate as a function of inlet and outlet temperature.

Figures 5 and 6 compares the fluid temperature drop computed from Eq. 16 with

measured value obtained in the thermal-vacuum tert. The radiator parameters

employed in Eq. (16) to predict the radiator performance are:

q : 0.95A 2.b,7 Ft 2

= (2)(0,71) = 1.b,2

W = 0.0583

Cp " O._h BTU/Ibm - OF
R = 2.29 hr - °F/BTU

T_ = -300°F

The measured temperature drop, sad thus the heat rejection, is slightly lower .,

th",_ predicted for the ideal case analysis above. There are severnl small effects

which collectively account for the discrepancy.

-lo- A-If9
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The main cause is believed to be poor thermal connection between the

transport tubing and the fin materis/ at the ends of the radiator panel. The %

loose sections of fin material at the ends of the panel are significant because the
radiating surface area of the element is relatively small. If it is e_sumed that

_- there is no thermal connection at the ends of the radiator where the tubing was

loosened to make connections with the manifolds, the heat rejection is reduced

by approximately 8_. Variations in the silver wire mesh cross sectional

area and spacing could lower the heat rejection by as much as 2_. The

reflectivity of the vacuum chember cold walls reduces the heat rejection by about

1%, and the cold wall temperatures averaged a_out 20°F higher than

had been scheduled for the test. This would cause a 1_ reduction in heat

rejection.

The dashed lines in Figures 5 and 6 show the predicted fluid temperature

drop when the worst case variations in panel construction and en_ronment simulation

are taken into account. The measured heat re_ection falls between the ideal and

worst case curves for all test points where the flow rate and fluid temperature

drop can be accurately measured.

Figures 7-16 compare the measured and predicted panel temperatures for each

test point. The agreement generally is within experimental error. The fin mid-

point temperatures at the inlet and outlet planes are lower than expected because

of the poor thermal connections between the fin and the tubing of these sections.

_. 3 Solar Absorl_tivit )- of the Radiator Fin Material

The solar absorptivity of the silver basked Teflon (silver wire mesh

leminate was measured prior to fabricating the element test article. The

measured values generally rem4_e from 0.17 to 0.25. This _s considerably greater

than the value of 0.12 obtained for small sections of fin material tested
_-ljm

e rller.Thesilver/Inconeltheinitialscrupleswasappliedina Jar
i--

ill whereas the large sheets of material were coated on a roll-to-roll basis in a
larger vacuum chamber. The values of o_ measv_'ed for the large sheets will result

in poor radiator performance, and will also impact the scheduled thermal-vacuum

tests of the prototype panel. Additional studies will be made durin_ the next

reporting period to determine the cause of the problem and to evaluate its

impact on the progrum.
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Pl lo. and for  cunm
A meeting was held at NASA-JSC on 29 April 1977 to discuss the radiator

test instrtmentation, environment simulation, test time lines, and documentation

for the thermal vacuum teat in .NASA Chamber B. A decision was made to simulate

the space environment with solar and XR laaps. Y_ lamps were selected over
• J

fluid controlled IR panels because:

1. Reflected radiation from IR panels causes the environment

to change with the radiator operating conditions, and causes

the environment to be different for different locations on the

radiator panel. Reflected radiation from the solar lamps when the ,-,

radiator panel is partially retracted alao complicates the environ-

._ent simulation.

2. The ends of the radiator panel extend out of the region of the test

chamber covered by solar lamps. Therefore, to provide a uniform

environment for the radiator, the IR flux must be increased in the

shaded areas. This is more conveniently done with 1_ lamps.

3. If IR lamps are used, the effective environment can be

measured by stopping the flow of the transport fluid and measuring

the equilibrium temperatures of the radiator panel.

_. Transient conditions can he simulated more easily with lamps than

with panels.

NASA has previously had some difficulty measuring the flux from IR lamps.

NASA/JSC will conduct a study to establish an accurate procedure

for calihratiA_g the lamps. He will also optimize the spacing and power setting

of the lamps to insure that the emitted radiation has sufficient uniformity and

correct wavelength.

Additional thermocouples will he installed on the radiator panel to measure

the equilibrium temperatures at representative locations in conjunction with

radiometers to calibrate the environment.

The test time line proposed in progress report No. 8 was reviewed and

additional test points were discussed for 0°F equivalent sink temperatures

with no solar flux. This was done to test the performance of the radiator

with warm environments while avoiding the problems caused by non-uniformities

of the solar absorptivity of the fin material. A revised test time line will he

provided after the problem with the solar absorptivity of t_e fin material

has been resolved.

Work in progress on test documents was also reviewed and assignments were

made to individuals for writing sections of the test requirements document.

A-
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Ben Mc0hee of NASA-JSC requested that we consider rescheduling the test for

i_ July instead of September because of schedule problems of other programs requiring

'. the NASA Space Environment Simulation Facility. After discussi_ the problems '_ki
with the fin material and delivery requirements for the deployment/retraction

i system it was agreed that we probably could not test in July .2.3 Submittal of Technical Paper

A technical paper entitled "Flexible Deployable - Retractable Space

I Radiators" was submitted to the AmericanInstitute of Aeronautics and
Astronautics. The paper will be presented at the 12th Thermophysice Conference,

Albuquerque, New Mexico, June 27-29, 1977. Review copies of the paper were also
J

submitted to the NASA program monitor.

3.0 PROGRESSON MAJORENDI_

Work is in progress in the fabrication and test planning phase. A problem

has developed because of the high solar absorptivity of the fin material which
impacts the testing phase of the program.

2.0 WORK SC_ULEDDURING TH_REXTREPORTING PERIOD

A study will be initiated to determine the cause of the solar absorptivityproblem. Work will continue in the fabrication and test planning phase.

t

l
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°" MONTHLYPROGRESSREPORTNO, ll

Development of a .Prototype Flextble Radiator System

1.0 Overall Progress

Work during the eleventh reporting period has been concentrated
on the fabrication and test planning phases of the flexible radiator develop-
ment program and addresses the following subjects:

I. Study of high solar absorptivityof radiatorfin material.

) 2. Reschedullngof thermalvacuumtest and re-allocatlonof
- budgetto correctthe solar absorptivityproblem.

3. Substitutionof Coolanol20 for Coolanol15 transportfluid.

2.0 Progress on Individual Major Areas

2.1 SolarAbsorptivityof RadiatorFin Material

The radiatorfin materialfabricatedby SheldahlAdvancedProducts
Divisionhas highersolar absorptivity,# , than had beenexpectedbased
on elementtest data. Two rolls of materialwere fabricated. The basic
constructionof the fin materialis illustratedin Fig. I. The measured
valuesof_ range from 0.18 in the lightgold areas of Fig. 1 to 0.15
in the darkercoloredareas at the centersof the rolls. There is a small
area on one rollwhere,Y is 0.45. This comparesto valuesof approximately
0.12 obtainedfor elementsinitiallyfabricatedto check out manufacturing
processes.

A sequenceof testswere conductedto isolatethe cause of the
problem. The tests indicatethat the increasedsolar absorptivityis due
to oxidationof the silvercoating. To determinewhetherthe transmittance
of the Teflon film is contributingto the problem,the sllver/Inconelcoating
was removedfrom a sectionof the fln materialand them of the remaining
structuredmeasured. The_ measuredfor the strippedsectionis 0.03. Thls
means that the sllver/Inconelis the major absorbingelementin the radiator
fin.

The color of the silvercoatingsuggestedthat the silveris
oxidized. Thus testswere conductedto determinewhetherthe oxidation
processis still in progress,and whetherthe oxygenis reachingthe silver
throughthe Inconellayer shown in Fig. I, or throughthe opposingTeflon/wlre
mesh side of the fin material. Sectionsof the fin materialwere heated to

+ 350°F to accelerateany reactionwhich would changethe solar absorptivity.
The_ of most of the heatedsectionsincreasedby a factorof two or more,

! indicatingthat the reactionaffectingthe silveris still in progress. This
data is supportedby unquantitizedobservationsthat the color of the fin
materialhad darkenedafter two monthsstorage.

_ -I-
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Additionaltestswere made to determinewhethertlleagent reacting "__
with the silveris internalto the fin materialor Is permeatingthrougllthe I
protectivelayersof Teflon and Inconel. Sectionsof fin materialheated .(
in vacuumbags showedvery littledegradation. Also, when sectionsof Teflon

were glued to the Inconelside of the radiatorfin to preventair from _ i

enteringthroughthe Inconellayer, the change in absorptivityoccurring _duringheatingwas reducedmarkedly. This indicatesthat air permeating
throughthe Inconelside of the fin material is oxidizingthe silver layer.
The Inconelside could not be completelyisolatedso that it is not possible
to determinefrom this test data above whetherall of the oxygenenters througll
the Inconel. However,other evidenceindicatesthat this is the case. Dilute
sulfuricacid appliedto the Teflonside has no effect on the silver coating.*
Also, the initialelementsof fin materialfor which the silver/Inconellayers
were appliedin a bell Jar did not degradewhen exposedto the atmosphere.

Thus, the data indicatesthat the Inconellayer appliedto'the
large sheetsof fin materialis inadequate. Since the Inconelappliedto the
small elementsectionsdoes preventoxidation,there apparentlyis some
manufacturingscale-upproblemwhich is responsiblefor the poor quality
of the large sheetsof material. It is not clear whetherthe problemis in
the facilitiesor the methodsemployedto coat the material. The vacuum
depositionfacilitywas modifiedso that the radiatorfin could be coated in
continuoussections. Therefore,there is a possibilitythat the facility
needs to be improved,or the processchangedbecauseof modificationsto the
facility. Scanningelectronmicrographsof the fin materialgiven in Fig. 2
show that the surfaceis much rougherthan that of silverbackedTeflon for
the Shuttleorbiterradiators. Becauseof the surfaceroughness,the thickness
of the Inconellayermay have to be increased. SheldahlAdvancedProducts
Divisionis reviewingthe problemand will make recommendations.

2.2 ProgramRe-direction

A meetingwas held at NASA-JSCto discussthe problemof the high
solar absorptivityof the fin materialand to decidehow the work schedule
shouldbe changedto minimizethe impactof the problemon the flexibleradiator
developmentprogram. The meetingwas attendedby H. E. Battaglia,B. O. French,
L. A. Trevino,W. E. Ellis,and W. W. Guy of NASA;M. L. Fleming,R. L. Cox,
and J. W. Leach of Vought. After the data on the fin materialhad been re-
viewed,the followingdecisionswere made:

(a) Continuewith the presenthigh absorptivityfin material
throughfabricationof the full-scaletest articleand the
conductof ambientdeploymenttests. Do not fully instrument
the panel for thermalvacuumtests,but only enough to resolve
certainthermocoupleinstallationquestions.

(b) Concurrentwith the above effort,conducttests and analyses
necessaryto rectifythe high absorptivityproblem. At the
conclusionof ambientdeploymenttestingrefurbishthe full
scale articlewith the revised/newflexiblefin material.

(c) Slide the September1977 thermalvacuum test to the next
availabletestwindow at the NASA/JSCSpace Environment
SimulationLaboratory(May/June1978).

*This same solutionrapidlystrippedthe silver/I,conelwhen appliedto the
oppositeside.

-3- A_ (_
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; (d) Re-a]locatethe approximately$50K of FY'77effortasso-
ciatedwith the September1977 thermalvacuumtest to
l_p|ementationof tileItem (b) fin improvementand re-
furbishment.

(e) Modify the contractto providethe above redirectionand ;:
the additionalfundingnecessary.

(f) NASA agreedto make someadditionalsolar absorptivity
measurementson fin materialsto be suppliedby Vought.
There is some questionthat this solar reflectometerused
by Vought,a Gier DunkleInstrumentsmodel MS-251,is
adequatefor measuringthe absorptivityof the flexible
fin material. NASA will try to locatean instrumentmore i
suitablydesignedfor this application.There is no question
that the Gier Dunklereflec_ometeris adequatefor determining
that the fin materialis severelydegraded. However,more
accuratemeasurementsmay be neededto determinethe limiting
valuesof the absorptivityfor non-degradedmaterialsand
for diagnosisof potentialproblemswith proposednew designs.

A revisedscheduleis given In Fig. 3.

2.3 Substitutionof Coolanol20 for Coolanol15 TransportFluid

Monsantois discontinuing production of Coolanol 15, the transport
fluid initiallyselectedfor use in flexibleradiators. Thereforecalcula-
tionswere made to determinethe requiredradiatorsize and operating11mits
for Coolanol20, the fluidMonsantorecommendsas an alternate. Coolanol20
is slightlymore viscousthan Coolanol15 so that the weight penaltyfor
pumpingpower is increasedby approximately2 lb. per radiatorpanel. Also
the l_a temperaturestableoperatinglimit is increasedby lO°F - 30°F as
shown In Fig. 4. The radiatordesignand operatingcharacteristicsfor
Coolanol20 are similarto those for OronlteFC-IO0as describedin Progress
ReportNo. 3. Materialscompatibilitytests are neededfor each fluid before
makinga finalselection.

3.0 Progresson Major End Items

Work is in progressin the fabricationphase of the program. The
testphase has been rescheduledfor May - June 1978.

4.0 Work PlannedDuringthe Next ReportingPeriod

A 6' radiatorwill be fabricatedwith radiatorfin materlalfor
ambientdeploymenttests. Work will begin on the long llfe radiatorstudy.
Elementswill be fabricatedto demonstratethe feasibilityof conceptsand
processesfor correctingthe high solar-absorptivityproblemof the current
design.

-5-
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HONTHLYPROGRESSREPORTNO. 12

Developmentof a Prototype Flextble Radiator System

1.0 Overall Progress

Work during the twelfth reporting period has been concentrated on
:-- the fabrication and long life study phases of the flextble radiator develop-

ment program and addresses the following subjects:
.. Fusion bonding of radiator fin/tubing assembly
b. Alumtnumfoil/silver backed teflon design evaluation
c. Testing of inflation tubing

t d. Presentation of technical paper at AIAA 12th ThermophysicsConference

2.0 Progres_ on ]ndtvtdual HaJor Areasim

2.1 Fu_stonBonding of Flextble Radiator

Small sections of flextble radiator fin matertal were fusion bonded
to FEPTeflon tubing to determine whether the two halves of the radiator could
be joined by thts procedure without damaging the transport tubing. If this
Is possible,the radiatorfin materialwlth the degradedsilver coatingmight
be reclaimedfor use In fabricatingthe prototypepanel.

Two methodswere investigatedfor malnt_Inlngpressureon the radiator
_anel assemblyduring the heat bondingprocess. One omploysa heatedplaten
pressand metchl,ggroovedplatesas shown in Fig. I. The radiatorcomponents
are held in positionby the groovedplateswhile heat and pressureare applied
throughthe press. Alr Is forced throughthe tubingso that the tubewall
does not reach the melting point. Continuous sections of radiator are fabri-
cated by Incrementally bonding adjacent 6" sections of material, The grooves
tn one end of the plates are tapered so that the unhandedsections will slide
into position without folding or tearing. The ends of the plates extend outside
of the heated press so that the ftn material at the edge of the plate is below
the melting point. Thts prevents the matertai from being stressed while in the
molten state, and provides a smooth transition between adjacent sections. The
fin material is heated to 550 + 5*F under a pressure of approximately 25 psi.
The air flew ts regulated so tRat the outlet temperature is approximately 300°F.

Sections of radtator approximately 6 Inch wide by 18 inch tn length
were fabricated by thts procedure without major problems. A few areas were
observed in semeof the samples where the silver wire mesh in the fin material
was severed eL the base of the tubes. This apparently occurred when the fin
material was stretched and brought into contact with the sharp edges of the
grooves tn the aluminum plates. However, thls problem was corrected by placing
a buffer layer of Kapton between the aluminum plates and the radiator material.

-i-
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I
Larger 4' x 6' grooved aluminum plates are being machined and will be

l employed to determine whether sections of sufficient size can be fusion bonded
,- to make fabrication of a prototype flexible radiator practical. In this case,

the prototype radiator could be produced from existing fin stock. The de-
graded sllver/Inconel coating described in earlter progress reports was

,. stripped from representative sections of the fin stock with dilute sulfurtc _
acid, and fusion bonded so that the solar absorptivity could be determined.
Measurements with a Gler Dunkle solar reflectometer ranged from 0.07 to 0.08.
The coating can be removed without damaging the silver wtre mesh, so that

• - the stripped material would be entirely satisfactory for fabricating the
prototype.

i

!. The second procedure investigated for fusion bonding the radiator

employs an autoclave and vacuumbags in place of the platen press to provide

pressure and heat. A description of the process developed and materials
requtred is given in Appendix A. A potential problem with this method occurs
because the tubing cannot be cooled during the bonding process. A tubing
materialmust be selectedwhich has a highermeltingpoint than the FEP Teflon
fin material. A small sectionwas fabricatedwith PFA Teflon tubing. PFA
Teflon is very similarto FEP except that its melting point is approximately
50°F higher. The small sectionwas fabricatedby heatingthe material to a
temperaturebetweenthe meltingpointsof FEP and PFA. The bond formed
betweenthe tubingand fin materialwas found to be slightlystrongerthan is
obtained by adhesive bonding, but not as strong as is possible with FEP tubing.

Samples of PFA tubing and cost quotes have been requested for addi-
tional testing. The autoclave process is attractive because it provides a
means for bonding the entire radiator at one time. However, because of the
materialsdeliverytime requiredfor PFA tubingand the potentialof the

•, platenpress method, the fusionbondingwork in the immediatefuturewill
employ the platen press.

2.2 AluminumFoil Fin Material

An aluminumfoil/silverbacked Teflonradiatorfin construction
is being investigatedas an alternativeto fusionbondingfor producingthe
prototypeflexibleradiator. This constructionwould have significantcost
advantagesover the presentdesign,and would use conventlonalsilver backed
Teflon known to have stableoptlcalproperties. The aluminumfoil provides
thermalconductancenecessaryfor a high radiatorfin efficiency,and a
smooth surfacefor attachmentof the silver backedTeflon. This design has
not been given detailedconsiderationin the past becauseit was believedthat
the alumlnumfoll would impactthe deployment/retractionsuch that its size
and weightwould be increasedto impractical11mlts. However,prellminarytests
on small elementsshowed that the alumlnumfoil is stressedbeyondthe elastic
limit the first time the radiatoris stowedon the deploymentdrum. Then,
when the radiatoris straightened,small wrinklesdevelopwhich greatlyincrease
the flexibilityof the panel. The wrlnklesare Spacedapproximatelyone eighth
inch apart and do not appearto serlouslyweaken the connectionbetweenthe
tubingand fin material. Larger elementsare being producedwith 0.00035"and
0.001" aluminumfoil. The stiffnessof these elementswill be measuredand
comparedwith that of the silver wire mesh design. If the resultsare favorable,
an elementshouldbe fabricatedand instrumentedfor thermalvacuum testing.
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12.3 Test of, Inflation Tubt_

The 6' Inflation tubes fabricated by Sheldahl AdvancedProducts
0tvtston _ere connected to the radtator meuntlng frame and deployment drum, "_-
and tnflated to check thetr operation prtor to attaching them to the radtator
panel. Tests showed that the Inflation tubes operated very smoothly and
requtred less then 1 pst gas pressure for deployment. There was no observabte
Imbalance tn the system. The two tubes tnflate and deflate at the samerate
such that the stowage drum remtns perpendicular to the Inflation tubes durtng
deployment and retraction. A section of radtater ts betng fabricated from excess
ftn mtertal baying poor opttcal prL,perttes to check the operation of the
Inflation tub4ng when attached to the radiator. Xf there are no problems wtth
the 6' tubing, 30' tubes wtll be purchased for the prototype radiator.

2.4 Prosen_tton of Te;hntcal Paper

A technical paper describing the developmnt of the flextble de-
playable/retractable radtator system was presented at the AIM 12th Themophystcs
Conference. Albuquerque, H.M. June 28, 1977.

_ 3.0 Workon Haler End Zte_

Hark tS tn progress tn the fabrication phase of the program.

4.0 t_ork Planned Durtna the Next Reoorttno Parted

A 6' radtator wtll be fuston bondedto check out mnufacturtng
processes for producing the prototype panel. Elements w|11 also be produced
by adhesively bondtng alumtnum fotl and stlver backed Teflon as an alternative
to the fuston bondtng process. Additional tests wtll be conducted w|th 6'
Inflation tubtng prtor to purchasing tubtng for the prototype system. Hark
under the long life rodtator study contract wtll be concentrated on heat ptpes
and future _tsston requirements.

i
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MONTHLYPROGRESSREPORTNO. 13 _1
DEVELOPMENTOF A PROTOTYPEFLEXIBLERADIATORSYSTEM

i 1.0 Overal Progres_

,_ Hork during the thirteenth reporting period has been concentrated z
- on the fabrication phase of the flexible radtater development program and

addresses the following subjects:

a) Fabr|catton end ambient deployment test of six foot length
rod_atar

b) Fabrication of alum|hum foil/silver backed Teflon based
elements

2.0 Progress on Individual HaJor Areas

i_ 2.1 Fabrication and Ambient Deployment Test of Six Foot Length Radiator

A 4' x 6' section of radtetor was fabricated by adhesively bonding
two layers of silver wire mesh/Teflon fin matertal around FEP Teflon tub|ng
using a grooved vacuumtooltng plate as showntn Ftg. 1. The radiator panel
was madeto check out fabrication tooling and techniques, and was subsequently
used In ambtent deployment tests of 6' length Inflation tubing.

The following procedure was followed In fabricating the panel.

1) The bottom half of radiator ftn metertel ts positioned on the
grooved plate and pre-formed by pressing the matertal tnto the
grooves of the tooltng p|ete using Teflon tubing.

2) Vacuumts applied to hold the ftn material 4n position.

3) General Electr|c SR-585 adhesive ts applled to the two mettng
sections of ftn material and tubing.

4) The tubing ts placed tn the grooves over the pre-formed half of
ftn material.

5) The top half of fin material ts held by the edges and lowered
over the bottom half until the mating surfaces touch along the

; rad]ator centerlIne.

6) The ftn material ts pressed together around the center tube
using a roller.

7) The top half ts gradually lowered until the ftn meterIal can be
sequentially pressed together around the remain|rig tubes as
shown tn Ftg. 1.

"l"
r

_F
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.1Theelement producedfollowing thts procedurewas generally satis-
factory. The ftn material tore where tt connects to the tubtng over about j
1%of the radiator area. The bottom layer tore tn several randomly located
areas from wear against the sharp edgesof the grooves in the tooling plate,
and the top layer also tore occasionally next to the tubing as it was being
pressed tnto position by the notched roller. '

Excessive tearing of the bottom layer can be prevented by
minimizing the motion of the metertal whtle tt is tn contact with the tooltng
plate. Whenfabricating the 6' length element, the vacuumpumpwas turned
on and off several times. Eachtime newtears appeared. Thus, whenthe
prototype radiator is produced, work wtll be planned so that the vacuumpump
runs continuously. Also, a soft porouscloth wtll be placed betweenthe
vacuumplate and radiator panel to reduce the stress causedby the sharp
edgesof the grooves, r

The top half apparently tears whenthe two sheets of ftn material
are permitted to stick together near the mid-point of adjacent tubes before
the top layer has beenpulled tnto position aroundthe tubing by the roller.
Whenthis happens,there is insufficient material available to cover the
distance around the tubes. Thts occurs very seldomly, but whentt does, a
tear several inches in length develops. The ftn material has very little
resistance to tearing so that wheneverit begins to separate, the tear
propagatesreadtly. It is posstble that the tears tn the top half tntttate
at sites where small flaws exist in the fin material, h narrow rol_er was
madewhich pu!ls the top half of ftn material around the tubing wtthout
pressing tt against the bottomhalf. After the narrowroller has been applted,
the wider roller shownin Fig. 1 ts used to press the fin material together
betweenthe tubing. Whencarefully done, this proceduregives satisfactory
results.

Somewrlnkles developed in the top half of fin materlal of the
elementwhich probably can be elJmlnated whenproducing the full sized
radiator.

The wrinkles occurredwhenexcessmaterial accumula_d in localized
areas where the fin matertal hadbeen stretched out of proportion, or was
improperly supported. The fin matertal has localized areas suchas maybe
seennear the technician's handin Ft9.1 where ft appears to have beenstretched.
Small wrinkles whichmaycover a length of 18" develop in these areas. The
wrtnkles sometimesbegin and end without reaching the edgeof the radiator
panel. Thts problemcan be minimized by carefully positioning the panel tn
the supporting frame andby applytnp force to the material in the lengthwise
direction as tt ts being pressedagainst the bottom half.

The ambientdeplo_nnenttestof the6' elementpanelwas entirely
satisfactory. The radiator deployedand retracted easily and had no tendency
to malfunction,The radiatorpanelrolledup tightlyanduniformlyon the
deploymentdrumduringretraction,and couldbe deployedwitha gas pressure
lessthanl pslg. The systemof retractionspringsand inflationtubing
was sufficientlywellbalancedthat thedeploymentdrumremainedperpendicular
to theradiatorpanelthroughoutthedeploymentretractioncycle. Thusthe
radiatorcouldbe repeatedlydeployedand retractedwithoutbecomingdls-
orientedon thestowagedrum.

-3-
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Since the ambient deploymenttest of the stx ft. radiator was

successful, go-aheadwas given to Sheldahl AdvancedProducts01vlslon to
_" fabricate the 30' tubing for the prototype redtatnr. Dellvery is expected

during August 1977.

_I 2.2 Fabrication of AlumtnumFoil/Silver BackedTeflon Elements

6" x 14" elementswere constructed from alumtnumfotl and stlver
. backedTeflon as shownin Fig. 2. The stlver backedTeflon tape is menufac-

! tured in 4" wtde strips. To increase the strength of the panel, the elements
were constructed so that the opposinglayers of tape overlap. The two halves

i of fin material were producedfirst by adhesively bondingthe strips of stlver
backedTeflon to alumtnumlot1. The radiator panel elementswere then assembled
using the groovedvacuumplate as described previously. This procedureproved
to be muchbetter than that of applytng stlver backedTeflon tape to a radiator
panel constructed of tubing and alumtnumlot1 becausethe Teflon tape pre-
vented the alumtnumfoil from tearing during handling.

ii Theappearanceof the alumtnumfotl basedelementsis muchbetter than
that of elements previously m_dewith stlver wire meshfin metertal, but the
alumtnumlot1 elements are not as flexible.

Elementswere constructedwith .001" and .00035" thtck alumtnumfotls.
The thickness of the stlver backedTeflon tape ts 0.005". The 0.00035" thick
fotl has about half the thermal conductanceof the silver wire mesh,and teere
very eastly. It is difficult to form thts thickness of foil aroundthe radiator
tubing without tearing it. HOWever,the redtator can be fabricated from the
.001" thick fotl without difficulty, and the thermal conductanceof the ftn
material is about 50_ greater than that of the silver wire meshdestg@.
Therefore, tt is recommendedthat the .001" thick fotl be used in future work
on thts design.

Table I comparesthe measuredand calculated sttffnesses of the
alumtnomfoil and stlver wire meshradiator designs. Themeasuredstiffness
of the alumtnumlot1 element is approxtmetely twice that of the stlver wtre
meshelement, and about one fourth of the calculated value. The large
discrepancies betweenthe measuredand calculated values occur becausethe
calculated values assumeelasttc deformation of the fin andtubing whereas
the actual deformationsare outside the elastic range.

Themeasuredstiffness of the aluminumfoil panel is low enough
that it ts prect|cal to consider thts design as a candidate for the prototype
system. Since the existing deploymant/retrectfon systemfor the prototype
is basedon the calculated stiffness of the wire meshdesign, no rework of the
deploymentsystemwould be required. An additional element ts being con-
structed wtth .002" thick stlver backedTeflon to determinehowthe thickness
of the Teflon affects the stiffness.

Xt ts recommendedthat a 2' x 2' element be constructed wtth the
best thickness of stlver backedTeflon and thermal vacuumtested before
deciding on the final design of the prototype system. Also, additional
tests anddevelopmentwork shouldbe conductedon the fusion bondedwire mesh
design described tn ProgressReport No. 12. Performanceandcost data will
be prepared for the two concepts for makinga ftnal decision.

-4-
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FIG, 2 ALUMINUMFOIL/SILVER BACKEDTEFLONDESIGN
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TABLEI STIFFNESSOF FLEXIBLERADIATORELEMENTS

Bendin_Moment,,,forlO"Drum (Inch-lb/tube)
RadiatorPanelConstructloE Calculated Measured

Fusion BondedSilver Wire _lesh 0.235 0.16

.001" A1. Fotl -.005" Teflon 1.042 0.28

-6-
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3.0 . WorkonMaJor EndItems

Work ts tn progress tn the fabrication phaseof the program.

4.0 WorkPlannedDurtn9 the Next ReportingPertod

A 6' radiator wtll be fusion bondedto check out manufacturln!l
processesfor producingthe prototype panel. Additional elementswtll
also be producedwith aluminumfotl and silver backedTeflon. Concepts
shall be evaluated tn the long ltfe study phaseof the program.
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MONTHLYPROGRESSREPORTNO. 14

1.0 OVERALLPROGRESS
;t

Work during the fourteenth reporting perir:l has been concentrate(I

on the fabrication phase of the flexible radiator developmant program ar,d

addresses the following subjects:

a) Fusion bonding of six foot length radiator wtth FEP
f

Teflon tubing.

b) Fusion bonding of two foot length radiator with PFA

Teflon tubing.

2.0 PROGRESSON INDIVIDUALMAJORAREAS

2.1 Fusion Bondtnq of 4' x 6 ( Panel Wtth FEP Teflon Tubin9

An unsuccessful attem;t was made to fusion bond e 4' x 6' section

of radiator panel. The 4' x 6' section was bonded in a heated platen

press to detemtne the feasibility of producing the 4' x 25' prototype

by this procedure. Earlier, 0.5' x 2' sections of radiator had been

bondedsuccessfully, as described tn Progress Report No. 12, and tests were

reconmendedwith larger sections to detemlne whether problems would

develop which could not be predicted from the small scale test results.

The small sections were bonded by heating the radiator panel inside

matching grooved tooltng plates to 550°F while cooltng the transport

tubing with an Internal flow of atr.

For the larger sections, matching 4' x 6' grooved plates were

machlnedto hold the radiatortublng in positionwhile the fln material

is heated to the melting point. Manifolds were attached to one end of the

tubing so that atr could be forced through the radiator to provide coolin()

for the transporttubing. It Is necessaryto keep the tubing below the

malttng point to pre_ent it from collapsing. Pressure and heat were apI) ie,_

-I- A_I_S 'I
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to the redtetor assembly through a resistance heated platen press as shown

tn Fig. 1.

Thts attempt to fusion bond the radiator failed because the flow

d|str|button of the cooling air tn the parallel ba.k of radiator tubes

was non-uniform. Thts created an uneven temperature fteld so that parts

of the radiator became too hot while others dtd not reach the melting point.

Somenon-uniformities tn the air flow were anticipated, but not r

of the magnitude ac_;ual|y experienced. Manufacturing tolerances in the

tubing diameter could cause someof the tubes to have greater flow resistance

than others. Therefore, the diameters of Individual tubes were measured

prior to heat|ng. There was no apparent correlation of the flow distribution

with the tubing diameter. With pressure applied by the press, the flow In

stx of the tubes _re noticably low prior to heating. Whenthe pressure

was released, the flow was nearly uniform.

The restrlctlonuf the flow could have been caused by the tubing

not being seatedproperlyin the groovesof the toolingplate, or by tension

in the fin materialas it is pulled around the tubingby the toolingplate•

Extremecare was takenwhen preparingthe radiatorassemblyfor bonding

to preventthe press from Intorferringwith the air flow. The ends of the

toolingplateswere _ecuredwlth pins and c_amps us shown in Fig. 2 to

preventthe tubing from becomingdislodgedfrom the groovesof the plate.
l

i-- A third removableclamp was placed across the center of the sectionto

mlnlmlzethe relatlvemotion of the plates during handling. Also, to insure

that the tubeswere properlyseated,the clampswere loosenedslightly,

and the tubes pulled at the en_s to make sure that they would slide freely

within the groovesof the plates. The radiatorfin materialwas positioned

around the tubing usi,g rollersto insure that sufficientmaterialwas

availableto cover the entire surfaceof the toolingplates.

O0000002-TSG03
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As the redtator was heated tn the press, the flow tn additional

tubes began to diminish. At a temperature of about 350°F there was no

measurable atr flow tn about 25%of the tubes. Ntth continued heating, the

temperature distribution wtthtn the press became Increasingly uneven. The

areas where the f|ow of atr was greatest were about 1SO°F cooler than where

the flowwes stagnate. Ftve thermocouples were employed to measure the

temperatures of the panel and of the coollng atr. The measured panel

temperatures ranged from 400°F to 550°F, _tle the ex|t temperature of the

atr reached 485°F. Before all of the panel could be heated to the temperature

requtred for fusion bonding (540°F) a resistance heater burned out tn the

press caus|ng a loca| power fa|lure wht_h l_sted several hours. Thus the

test was temtnated at a potnt when pert of the radtetor had not reached

the fuston potnt.

A post-test exem|nbtton of the radtator panel showed that the

tubtng tn the hot sect|ons had completely collapsed whtle the undefeated

secttons were unbonded.

There were severe1 small areas where the radtator was stuck to

a Kapton f11m whtch had been tnserted between the radlator and too!ing plates

to prevent them from becomtng bonded together. Thts Indicates that these

areas had becomemuchhotter than the secttons whtch were instrumented.

It ts posstble that local hot spots on the heated press could have caused

someof the problems discussed above. Therefore, tf additional attempts

are madewtth thts approach, ttts recommenddthat the system be heated

very slowly to allow any transient temperature gradtent to dissipate.

Apprextmately 1.5 hours were requtred to heat the system from IO0°F to

550°F tn thts test.

It is also recommendedthat the toollng plates be made shorter

so that nonuntfoml_tes tn the atr flow can be tolerated.

A-Is9
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I Fanno flow calculations show that fo, shop atr pressure, the mess

flow rate of air is only merglnally adequate for the heating length of thts

test. The shorter sections could also be prepared for bonding mope eastly

than the larger ones_ and flow restrictions would be less ltkely.

2.2 Fusion Bond|n9 wtth PFATeflon Tubing

A 6" x 20" section of radtator wtth PFA tubing was fusion bonded

successfully. PFA Teflon has a melttng point between 575°F and 590°F

where the FEP ftn metertal melts between 487°F and 540°F. Therefore the r

radiator assembly can be fusion bonded by heating tt to a temperature

intermediate to the melttng point of the two materials without having to

provide localized cooltng as ts required with FEP tubing. The bond for_e.d

bel_een the PFA tubing and the ftn metertal ts not as strong as is ob-

tained wtth FEP tubing, but is probably sufficient for the flextble

radiator application. The strength of the bond increases as the bonding

temperature approaches the fusion point of the PFA tubing, but the tubing

deforms if the bonding temperature ts too h_gh. 7he ,_£t satisfactory results

were obtained at bonding temperatures between 570°F and 575°F. No

appreciable tubtng deformation was noted at temperatures below 580°F.

Pressure was applied to the assembly by means of a vacuumbag,

and the system was heated tn an autoclave. The radtator tubing was held

at the proper spacing as the panel was being assembled and transported to

the autoclave by maintaining a partial vacuumtn the vacuumbag.

A larger section of radiator will be fabricated as soon as

additional PFA tubtng can be purchased. If no problems develop, the pro-

totype radiator wtll be fabricated by thts method.

3.0 WORKON.MAJOREND,TEMS

Work is in progress in the fabrtration phase of the program.

-6-
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m_ 4.0 MORKPLANNEDDURINGTHE NEXTREPORTINGPERIOD

Elements wtl1 be produced wtth alumlnum fotl and silver backed

Teflon for thenmtl vacuumtesttng. Materials wtll be purchased for _

fabricating large elements by fusion bondtng PFA tubing to FEP fin

materials. Amb|ent tests wtll be conducted wtth the 30' inflation tubes.

!
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PROGRESSREPORTNO. 15

%

1.0 OverallProgress

Work during the fifteenthreportingperiod has been concentrated
on the fabricationand advancedradiatorstudy phasesof the flexlb;e
radiatordevelopmentwogram and addressesthe followingsubjects:

a) fabricationand testingof aluminumfoil/silverTeflon
based elen,ent_, r

b) fabrication and testing of a fusion bonded silver wire
meshbased elements,

B
c) advanced long life radiators study.

2.0 Progress on Individual Major Areas

2.1 Fabricationand "restingof AluminumFoil/SilverBackedTeflon
Elements

Two 17.5" x 18" elementswere constructedfrom alumlnumfoil
and silverbackedTeflon,and tested in a vacuumenvironment for thermal
performanceand structuralintegrity. Table I summarizesthe properties
of the two test articles. The elementswere fabricatedby first bonding
silverbacked Teflonstrips to sheetsof aluminumfoil to form a laminated
radiatorfin, and then bondingopposingsheets of this lami,latearound
the transporttubing. The adhesiveused to bond the radiatorassenl)ly
is General ElectricSR-585adhesivethinnedwith tolueneat a ratio of
1 part adhesiveto 8 parts solvent. The elementconstructedfrom 2 mil
Teflon proved to be difficultto fabricatebecausethe laminatedfin
materialtendedto stretchand wrinkle,and was easily torn. No problems
were experiencedin fabricatingthe 5 mil test article.

FiguresI - 4 comparethe theoreticaland measuredthermal
performancesof the two elements. The measuredtemperaturedrop of the

j transportfluid,which is proportionalto the heat transfer,indicates
that both elementsperformedapproximatelyas expected. The heat rejection
of the 5 mil Teflonelemant is slightlyhigherthan predicted. This
probablyindicatesthat the emissivityof the Teflon is slightlygreater

z than the minimumvalue claimedby the manufacturers.

The test articlespartiallydelaminatedas a resultof exposure
to the vacuumenvironment. The delaminationwas not severeenough to
degradethe thermalperformance,but could be significantstructurallyif

E the panel were repeatedlydeployedand retracted. _t indicatesoutgassing
of solventsused to thin the adhesiveor to clean the surfacesof the
aluminumf_il and Teflon prior to applyingthe adhesive. The adhesive

I is the same as was used to fabricateearliereloments,and had been stored

m_ ..1.
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TABLE| PROPERTIESOFALUMINUMFOIL

BASEDELEMENTS

DESIGNVARIABLES ELEMENT#1 ELEMENT#2

:]LVER BACKEDTEFLONTHICKNESS(INCH) .DO| .OOS

ALIJHINUHFOIL THICKNESS(INCH) .001 .001

i NO. LAYERSTEFLON 2 2

NO. LAYERSALUMINURFOIL 2 2

"IUBESPACING(INCH) 0.75 0.75

NO. OFTUBES 25 25

ADHESIVE SR-585 SR-585

, _2 I

L
!
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'" -'_ tn'a sesled contetner for approxlmetely I year. Thecoated surfaces vmre

exposedto mtmsphereovernight betngpressed together
the before to

tnsure that the solvent _uld comletely evaporate.

i_ A separate four square tnch element wasrode from mnow supply
of adhestveto detennlno whether agtng of the adhes|vehad causedthe
delmfnatton problem. Also, the newadhesJvewas thtnned wfth one part
toluene per one part edhestve to determinewhether a thtcker l_er of
adhestvewou%dimprovethe strength of the bond. The adhestvewasapplted
wtth cheeseclot_. The elementsho_edno tendencyto dela_nate vhen
exposedto a vacuum,and e muchstronger bondresulted. The measured
thickness of the adhestveftlm ts .O011nch. This comparesto a thickness
of .00025 tnch obtetned _dth the 8:1 solvent to adhestvemtxture.

-_ 2.2 Fabr|catton and Test of FustonBondedElements

A fuston bonded18" x 18" elementwith PFA tubtng andscreen

i w_re meshfdn m.tertal was fabricated andtested. The elemnt wasbonded

tugether by nearing it to _i_u'l;so that the FEPTeflon in the f|n materla)
mlted to fore Anadhesive. Pressurewas applted to the Assemblydur|ng
the bondtngprocessby meansof a vacuumbag, and the systemwas heated

tn an autoclave. The radtatar tubtng was he|d at the proper spec|ng asthe penol was being assembledand transported to the autoclave by metn
telntng a parttal vacuum|n the vacuumbag.

Therml performancedata for the fuston bondedelement ts pre-
seated tn F|gures 5 and6. The theme1 performanceof the element |s
excellent, and the test arttcle was not affected strocturally by exposure
%othe vacuumenvironment,

2.3 AdvancedLongLtfe Radtator Study

An advancedradtator conceptsbrteftng washeld at flASA-dSCon
10 November1977. Groundrules andguidelines for conducting the study
_ere agreed upon, andsevere1 long 11re radtator concepts rare selected
for additional study andanalysts. A progremplan andschedulewas
agreed upon.

3.0 Workon I_to¢ EndZtmmu

Work ts tn progress tn the fabrtcat|on and advancedredtator
study phasesof the program.

4.0 WorkPlannedIn the Next RenorttnaPertod

'_ Theprototype flextble rad|ator panel wtli be fabricated by
° fuston bondtngscreenwtre meshf|n mterlal %oPFAtubtng. Workon the

advancedradtator study wtll qnc%udecont_nuatdonof conceptgeneration
anddefinition, concept screening, and trade studtes.
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I_06RF.,_ ,"_POI_TNO. 16

1.0 OVERALLPROGRESB

Work during the l_th reporting period |_as been concentrated on
the _abrieatton and advanced radiator study phases of the flexible radiator
development program and addresses the followir_ subjects:

a) t_tsion hondi_ of the prototype panel,
b) flow distribution calibration of the prototype

panel,
e) ultrasonic welding of the radiator fin material,
d) long life radiator study, and
e) publication of technical paper.

_. 0 1,,'ROGt_.SOli' IICD.'rVIDUALMAJOR

2.1 Fusion _onding of The Protot_rDePanel

The prototype panel was fabricated successfully by pre-positioning
the components as shown in Figure l, and then heating the assemhl_ until the
FEP Teflon fin material melted. When the assemb_7 was allowed to cool under
a pressure of 1 stm., a strong bond formed between the two l_Tere of fin
material. A weaker bond is obtained between the fin material and the PFA
transport tubing, with the strength of the bond depending on the maximum
temperature experienced in the bonding process. The strongest bonds are
obtained for processing temperatures in excess of 600°F. However, the PFA
tubing has very little strength at such temperatures, and tends to collapse,
apparently because of gravity or surface tension forces. Element tests
showed that an adequate bond is obtained without deformation of the transport
tubing if the processing temperature is maintained at 570 4_ 5°F.

When fabricating the prototype radiator, the seal of the vacuum beq_
wan designed so tha_ the ends of the transport tubes extended throt_h the
vacuum bag, and were open to the atmosphere. This equalizes the internal
and external atmospheric pressure components, and prevents the vacuum bag
from tending to flatten the transport tubing. The temperature variations
across the panel were held within narrow limits by heatir_ the oven slowly
so that transient temperature gradie_'.s are minimized, and by coverins the
radiator panel with Beta cloth insulation to shield it frc_ temperature
variations in the heated atmosphere of the _v_.n. The panel was heated on a
large aluminum table which was insulated on the button side, The conductance
of the table thus tended to re_ce any remaining tempersture gradients.

The temperature distribution across the radial.or panel measured at
the hottest poln _ of the bonding cycle is shown in Figur_ 2. The tempera-

! tures were measured with Iro"-constastas thermocouples placed inside the
transport tubes. The trensient temperature profile measured durin$ the
bonding process is shown in Figure 3. This profile was obtained by initially

setting the thermostats of the oven heaters at 5_0°F, and observing the
., temperat_e distribution across the par,el as it approached equilibrium, The r

; thermostat settings of the individual oven heaters were then adjusted as re- I
qulred to achieve a uniform panel temperature of 570°F. The panel was bonded
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in Vou_htts oven HO. 12, lmi_ting 22. This is a _.5 _ x _.5 _ x 33 _ oven
_¢h 6 individually controlled heated zones. The equilibrium tesperetures
of the indivtdu_ SOnN are sutmatieal_y controlled v_thtn • 3°Y. Hoeever,
the trenaient responses of the individual heaters are si@ificant_y di_'ferent
so that it is necessary to man_all_ a_ust the control settings as described
ahc_e.

The radtetor panel fabricated by this proce_,re is enttrsl_r satis-
factory for testi_ purposes. Ve_ little shrlnke_e or distortlon of the
transport tubing occurred, and n strong bond was obtained. The transport
tubes are etr_i6ht and eve_l_ spewed, end the appearance of the panel is
satisfactory. A few isolated wrinkles developed when vacuum was applied prior
to heating the panel. The wtnklas oec®Lrred _nere the Teflon film meterial
had been locally stretched prior to assault and co_tld not be perzanently re-
mo_d by r_eani_ the wacn and str_t_ the material. The wries
recurred at approximate_y the sane locations each t_e the vacuum m applied.

The stretching of the fin _eterie_ probab_r occurred when the wire
mesh was bein_ embedded in the Teflon film. Zf additional panels are to be
• abricated by this process, the screen mesh and Teflon _tl_ should be fl_aion
bonded together at the sa_e time that the fin material is bonded to the trans-
port tubing. In this case the Te_Aon fi_ _ill not have been deformed prior
to asee_l_, and the cause of the wrinkles thus eliminated. Also, the screen
mesh will serve as a bleeder cloth and assist in the re, oval of air pockets
between the l_ers of fin material.

A second fabrication proble_ area _nich a_feets the appearance of
the radiator concerns the se_retion of the fin material from the vacutm bag
subsequent to heating the asee_b_7 to bonding ter_peratm-es. Kapton Was selected
as the material for the vac_ bag because it has edequate strength and does
not tend to bond to FEP Teflon at the temperatures required for this application.
Element tests on sell radiator sections in_iceted that K_ton is an acceptable
vacut_ ba_ material. However, when +he prototype panel _an fabricated, the
bond between the radiator and _ac_m bag _as _uch stronger than had occurred
in the element tests. Apparently the a_ditional time required to heat the
l_rge prototMpe panel contributed to the strength of the bond. _hen the l_pton
vacuum ba_ was re_oved frc_ the prototype radietor panel the surface of the
Te_Aon radiator fin was found to have _ diffuse appearance. AlsO, in a fe_ \

areas, the bond between the radiator fin and F_pton was so strong that
the fin materteA v_ld tee_ e0n_ fr_ the transport t_tu_ before it would
separate from the _apton. Liquid nitrogen was poured over s_ell section_ of
the radiator in areas _here the hon_ was excepttonallM _tron_ so that differences
in the thermal expansion eoe_icients o_ Kapton end Teflon would eeo,se the two
ls_ers to separate. Zn these sections the vantuna ba_ was easily re_oved fro_
the radiator, and the panel surface was lef_ with a glossy finish. This pro-
oedure was followed only when it was considered ne_e_eaz_ to prevent the
re_tiator fin from tearing because of concern over weakening the _oint between
the FEP Teflon radiator fin and the PFA Teflon transport tubing. However,
subsequent visual inspections of the sections _hare L_ was applied revealed
no areas where the tubing had separated from the fin materiel. The areas where

i the fin material had been torn were repaired by locally heating the material
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past the melting point so that the torn eurfacem fUsed together. This !
produced a relatively neat Joint which blende in with the rest of the
radiator panel and is un-noticeable when viewed frca a short dist_uee. A

A_ditic_al studies and element tests should be connoted to
prevent this problem fro-, recurrln8 in the future. It is probable that
the Kapton film could be epr_ed _ith a lieht silicone coating Which wcttld
prevent the molten Teflon from adhering to the vacuum be_.

The solar absorptivity of the radiator panel was meastucedat
seVere_llocations with a Gier Dunkle optical reflectCmeter. All of the
mensuremente were made in eXeas where the Kapton vacuum bag had been peeled
e_e_ from the radiator leaving a diffuse surface appearance. The measured
values of a re_ed fr r_ a = .0_5 to a = .078. Measurements eould not be
made at interior sections of the panel where the glossy surface areas were
obtained by removing the vacuum bag with LN2. However, it is not expected
that the a values would differ greatly from those of the diffuse areas.

2.2 Panel Flow Distribution Test

The flow distribution in the parallel tubes of the prototype
panel was determAned by measuring the flow in e_ch indivi_al tube. This
was done by flowing water into the inboard manifolds at a constant pressure,
and collecting the flow from individual tubes in glass beakers. The flo_ates
were dute_ined 1_ weighing the water collected d_riag prescribed periods of
time. Figure _ gives the percentage deviations from the mean flow per tube
for the 50 transport tubes. The results 8enerally show a consistent and
unifo_ flow distribution. Some of the scatter in the data is caused by wator
being lost frr_ the open beakers by splashing or by spillage when the beakers
were removed from the flow streams, and some to measurement error. Appro_i-
mately 50 gra_s of water were collected for each tube, and the estimated
measured error is_ 1 gram. Thus, measurement error would account for errors
of the order of 2_ whereas the 1_ deviation measured for the 50 tubes is
on_ 3.1%. Thus the measured flow deviations could be attributed to experi-
mental error in most cases. Xt is significant that none of the tubes has a
noticeably low flow. This indicates that the tubes were not damaged during
the _alon bonding process.

The manifolds and fittines were checked for l_akage with Preon
leek detectors and found to be inak free. In aaaition, leakage rates were
measured by pressurizing the panel with gaseous nitrogen and observing the
decay of preeeure with time. This proeedure is not entirel7 satisfactor_
because the effects of the permeability of the tranapor_ tubing cannot be
acouratel_ aocounted for, but indicates the presence or absence of gross leaka
which _ight not have been discovered with the Yreon leak detector. The
pressure of the nitrogen gas entrapped in the manifolds and tr_usport tubes
dropped from 100 psi to 7_ psi in a 2h-hour period. The equation for pressure
decay due to the transport tubing permeability is

!
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e-e. e .:p vt! " 0
-- --" (1)

P • Po •

where: P = pressure of entrapped gas at time _

P. = --bLent pressure (l arm)

Po • initial pressure (i00 psi)

I _ = permeability (380 co/100 sq. ineh/2_ hr/atm/mil)

A s surface Lrea (353_ ins)

t : tube _ thickness (32 rail)

V - volume of entrapped gas (0.i_9 _t_)

Equation (1) predicts that the pressure of the entrapped nitrogen at the
end of a 2M hour period should be 6M. 5 psi. This corresponds to a slightly
larger leake_e rate than was determined experimentally, and thus indicates
that there are no sizeable leaks at the mc_ifolds or fittings.

i An accurate indication of the radiator panel leakage rate could

be obtained _ filling the radiator with the actual fluid to be employed in
spaceflight applications, and observing the fall of the meniscus in _ trans-
parent small dismnter fill tube over long periods of time. In this way the
total fluid loss from tubing permee_ility and leakage at the manifolds and
fittings conld be readily detex_ined. This measurement ccnald probably be
convenientl7 made Just pric_ to thermal vacuum testing.

2.3 Ultrasonic Weldi_ of Radiator Fin Material

Samples of flexible radiator fin material and transpor_c tubing were
supplied to Branson Sonic Power Company so that their applications lab could

_ evaluate the feasibility of using ultrasonic welding in f_bricating flexible
_ radiators. The lab looked at se_e_al _thods fc_ tack weldin_ the fin matorial

together so that it would hold the transport tubing in position. The remain-

der of the radiator would then be i_sion bonded by heati_ in an oven. Their
report indicates that the radiator fin material cannot be ultrasoniceS.ly welded

at the present state of technology. A copy of the Branson lab report is en-closed.

This method was investigated as an alternative to the present proce-
-_:_ dure for fusion bonding the flexible radiator. It is not essential to the

fabrication process. The Branson Conpany performed the study at their own
,'-, expense •

2.M Long Life Radiator Study

A computer routine is being developed for conductin_ trade s_udiee
and to optimize the designs of pumped fluid and heat pipe radiators for long

_ duration missions. The literature is beir_ surveyed, and researchers and

A-17{=
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vendors are being contacted to obtain data on radiator system component

life limits and design constraints. Materials vere ordered for fabricating
demonstration, hardware and for testing conceptual designs with expanded
metal fin materials, metal bellows materials, and stainless steel cross
flow t._es. A flexible meteoroid bumper has been designed for the long life
flexible radiator. Heat pipe radiator panels are being designed and tested
under Vought internal research and develol_ent funding.

2._ .Pu.b lication of Technical Paper

The tochnical paper, "Flexible Deployable-Retractable Space t_
Radiators" presented in June 1977 at the AIAA 12th Thermoph_sics Conference
was revised and submitted for publication in th_ Heat Transfer Volume of
the 1978 AIAA Progress in Astronautics and Aeronautics Series. The Volume
will be published in Me.v1978.

3.0 WORK ON MAYOR _D ITEM_

Work is in progress in the fabrication and advanced radiator study
phases of the prngram.

4.0 WORK PLANNED IN THE NEXT REPOI_TINGPERIOD

Inflation tubing will be attached to the prototy._e radiator, and
mhient deployment tests performed provided retraction springs are delivered
by the spri_ _endor. The delivery of the springs is expected within the
next few days, but the exact date is uncertain. The spring vendor is awaiting

i materials which have been shipped fr_ Ohio. Work will continue on the long
life radiator study.

T

t
!,i
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BRANSON
SONICPOWERCOMPANY

January 17, 1978 k

"" _'i

Mr. Jim Leach
mt

VOUGHT

1701 W. Marshall
Grand Prairie, Texas 75050

Dear Mr. Vought:

_, Enclosed is Applicat._.on Laboratory Report #I177-1382
regarding the samples you provided.

Unfortunately, the report indicates that this
"' particular application is not feasible for ultrasonics

at the present state of our technology.

Our capabilities are continually expanding, however,
and we may he able to satisfy such requirements in the
future.

We regret that we are unable to help you on this
occasion, but if you have other applications that you
feel may lend themselves to ultrasonic assembly, please
contact either our area Sales Engineer or Representative

fi / _Kles Administrate_

JB/yl
co • Chuck Newby

Z. P. Newby & Associates
6211 Denton Drive
Box 35846
Dallas, Texas 75235
(214) 357-8354

Bill Wilson

A--18
1"

_i i Edgle Road. DaNbury.Conrleclicut-08810 division of 8ransQn I.q|rasonicBCorl_tation Ph:(203)/44-0780 TWX 110-450-0452Io

I
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I-BRANSON SONIC POWER COMPANY _..- _: 1_3l _'44.0760
_'_"l_lloli_.lr_nlxjrv.C, cmm_Ucul 06810 a_W_dlwvdSndmNtneGr-mnchL_maWr_'" / TWX '/10-4S6-04S2

APPLICATIONS LAB REPORT
: CUSTOMER VISIT ( ) APPLICATION INQUIRY (X ) ' •

....._ COMPANY VOUCJh_, BSP# LAB# ]-]- '_7 "1 _'8 '3 ._

t NAME _l'im Leac h REP, • _ DATE IN _iATS OUT._._.._

TYPE OF REPORT:
ADDRESS .,, 1701 W, MarshaZ_ . PRINT REVIEW ( )

:-:; CITY&STATE GrluP._ _lai:_:Le e Te:¢a8 7S050 PAR1 EVALUATION I X)

ITEMS (-.h4na InA _F41m-dt4(-_ _4_.a ¢1_-A6_ HORN TEST ( )
.¢: ; THIS APPLICATION APPEARS TO BE:

stteched EXCELLENT ( ) GOOD ( ) FAIR ( )

MATERIAL TI'PIoIIIL ,,, POOR C ) NOT POSSIBLE AT THIS TIME I X)

BASED ON SAMPLES SUBMITTED.

:_ TYPE OF APPLICATION: .

WELDING ( _ ADHESIVE REACTIVATION ( ) SCAN WELDING ( )
INSERTION ( ) SPOT WELDING ( ) OTHER ( )

SWAGING I ) SEWING IX ) SPECIFY:
:)TAKING ( | OEGAT[NG { I

APPLICATION EVALUATION EQUIPMENT SET UP Verlous

STAND MODEL POWER SUPPLY . ACCESSORY BOOSTER......
HORN._

PRESSURE (PSIG) ........ FIXTURING ...........

WELD TIME (SECONDS) . . , HOLD TIME (SECONDS) .,,

PART WAS CONTACTED V_qTHHORN: TOP { ) BOTTOM ( ) OTHER ( )

EQUIPMENT RECOMMENDATIONS: None at '1_'_]-_1 t-'Line.
STANDMODEL POWER SUPPLY ,. ACCESSORIES ,BOOSTER__
HORN

FfXTURING.

COMMENTS__.___equirenlenC.s : TO seal, a wire screen and f£Zm assembly a_ou_,,d
: several tube BanGles, ........

Various methods (olunce weid_nq, bontlnuQuo _rocessinq, hand bale
........ _ere tested for Drocessina this material, but _t _ie .___.O_¢IJ_IJ_L_C_J___d, BQ_h the film and tu_.in_deqraded

i ....... _ _e;rj__.__d_ _ eJ zma_o_,_ r,_ _,m__nd_ul _q_._e__._ ]__n___..__o____his ......

BY __ .......

O0000003-TSB03
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_ 1.0 OVERALLPROGRESS

Work during the 17th reI_rting period has bean concentrated on
the Advanced ReKliator Study Phase of the Flexible Radiator Development

i Programs and addresses the following subjects.

a) Deslgn Of pu_ed fluid radiators for long
., duration missions

I)) Optimum subsystem m_dule size for large
radiator cyst eme

c) Manifold designs for heat pipe r_diators

:i d) Demonstration ra_Ltator elements constructed
from expanded silver metal

e) Design of meteo_oid shield for the long
life flexible radiator manifolds

2.0 PROG_SS ON INDIVIDUAL MA_OR AREAS

2.1 Design Of Pum_ed Fluid Radiators for Lon s Du,ation Missions

A computer model was prepared for the generalized pumped fluid radiator
systam shown in Figure 1 to determine the values of radiator parameters such

. as tube diameter, tube spacing, transport fluid Reynolds nu_er, and fin
efficiancy best suited for long life radiator systems. The program minimizes

_ a function of the radiator weight and area to optimize radiator designs for

i

various mission durations and subsystem survival probabilities. Documentation
of the analysis shall be covered in an advanced radiator stu_ repo-_.

2.2 Subsystem Size Optimization

Statistical analyses are being performed to determine the best way to
assemble large heat rejection syatem_ from small subsystems. The analysiB
determines the most p_bable loss of re_iatlnS _'_a as a A_Anctlonof module

i: size and surviv_bility, and compares the overall weight of systems havin6large numbers of modules to those having fewer numbers of more reliable sub-
cyst eros.

2.3 Heat.PIpe Radi_or Manifold Designs

Several concepts for connecting heat pipe radiator panel., to transport
fluid manifolds are being analyzed for performance, wel6ht, and manufacturability.
Radiator optimization computations will he performed for the more promising
manifolding _on_apts to compare the weight and performance of heat pipe and
pumped fluid radiators. The ana/_ses shall seek to determine the mission
applications for which each type of radiator system is best suited.
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Xz]v d ,Nn bU.ator mements
. _ k" x _" sections of radiator fin were fabricated by _aion

] _ bending expanded silver metal to FEP Teflon film. Elements were fabricated
A. with two different expanded metal mesh diaansions. Table I gives data for

] the two elements. _he element :ade with the 3AG5-6/0 ex_e_ded metal wee
| i constractad from a ssuple s_pplied by Ex:et Corp. The sample was taralched

_. slightly vhan received, and was therefore subjected to a cleaning process
prior to bonding. An attempt was' made to remove the tarnish l_rom the senile ,

il " by i_ersinK it in a 10_ solution of sulfuric acid. This procedure had pre-
I_ I vtousl_ bean employed to remove the silver coating from silver backed Teflon.

!1 '" However, in this case the acid did not clean the surface uniformlW with ex-

! posure times for which the mesh would not be damaged. Several attempts were

then made to deKrease the metal by sc_Abbing it with MEK, TrichloroethTlene,
! and a detergent/wnter Ltxture. However, the acid still would not co_pletelM

remove the ta_sh. A 20_ solution of sulfuric acid also failed to clean the
surface adequat el_.

I The Vought materials section is stu_Ang this problem, and wall recom-
mend a procedure for _eanin$ silver screen and expanded metal.

The 5AG7-6/0 nwtal had a bright finish when received from Exmet Corp.,
but wan ease de_eued and cleaned prior to bonding. The bonded element has
a white shinny appasxLuce whereas the element which could not be cleaned has
a gold tint characteristic of oxidised silver. Both samples contained numerous
ane_l dark spots which resulted from contamination trapped _ithin the asse_hl_'
being charred during the bonding process. The particles are invisible prior
to bonding, but are easily detected e_ter being heated to _70oF. Some of the
pax_icle8 apparently are attracted to the Teflon film because of static charging
whereas others are residual on the expanded metal following cleaning. After
observing the particles on _.he first element, the laboratory technician was
extremel_ careful when cleaning the Teflon and expanded mete£ before fusion
bonding the second element. However, the dark spots still appeared on the
bonded element. Smo£1 pieces of cotton from the cloth used to polish the sur-
faces are a surprisingly large source of contamination. Residual oil or grease
le_t on the rough surface of the expanded metal because of improper cleaning
a_o could be observed by close examination under a microscope. Additional
work is needed to establish a cleaning procedure prior to fabricating the

• long life flexible radiator. ",

i The measured solar absorptivity of the se_plas is larger than had been
expected. The dark spots dis.cussed above distract from the appearance of the
surface but are far too sparse to have an al_rec_able effect on the solar
absorptivity. The tarnished appearance of the first element probably accounts

i for its high absorptivity. The high absorptivity of the second sample could
be caused by radiation entrapment in the cavities of the expanded metal. The

. ratio of the depth to diameter of the cavities is greater for this el,_ment

! than for the ether fusion bonded surfaces tested in this work, and the trans-
misslvity of the film is much lower. Calculations wall be made to evaluate
the entrapment effect, and additional elements havia_ onl_ one l_yer of
expanded metal mesh shall be tested.
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2.5 Meteoroid Bhiald for The Lon L Life Flexible Radiator Manifolds

The meteorotA shield shown in Figure 2 was dssigned for protecting the _t
manifolds of the long life flexible radiator. The shield consists of Teflon
sleeves and stainless steel spherical sockets. When the manifolds bend for
stowage, the Teflon sleeves rotate without bending on the spherical sockets.
The design of the socket insures that the liquid transport lines are shielded
for all manifold orientationst end the diameter of the sleeves is adequate
for unconstrained motion of the metal bellows.

3.0 WORK ON MAJOR E_D ITEMS

Work is in progress on the advanced rad£etor study phase of the program.

_.0 WORK PLANNED _ THE N_ REPOIEING PERIOD

Ambient deployment tests will be performed with the prototype flexible
radiator. Work will continue on the long life radiator study.

A-B7
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"" _ 3 Au_-6/o _ ,AU7-6/0 '

i- Mesh 2ra.tekness (:l.neb,) .003 .005
OB

Strend Width (Inch) .005 .007

Mesh Dimensions (inch) .022 x .031 .022 x .031

•" l_u_be_Openlngs/InQh2 2600 2600

Fraction of' Area Open 0.520 0.372

•. No. of LeTers of Mesh 1 2

Calculated Trsneml8sivlty 0.520 0.138- j

. Measul"ed Trensmiui_.ty 0.522 0.065

Measured Reflectivlt¥ 0.361 0.7_8
°

Measured Solar Abeorbtt_rlt¥ 0.117 0.187

• luLvalent ThLckness SWD1 .0026 0.0123

Equivalent Th_ckne=s LWD2 .0052 0.02_
L

1
Conductance aoross short d.tmenslcm of d_amond equel to that
of aluminum f_tn of e%uivalent t;hiekness.

2 Condu_t;ance a_ross lone dL_enston of diamond equal to that
Of aluminum l_In of equivalent, thickness. :

L, A-IB&
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TABLE la

r......® -"IS'r.RAt4D
_. WIDTH |..nK w.y .t tile cl;_lnnli*| ml.us.re,l from the

¢elltor t_f d;nL'J.int t. the c*.nter o( the nc.xt _,

r ch_nl_eS fur th.t dk.. in line _xpanded metnl

"_._ ___ Short way of the dlnmoncl--measured from , *

the center of one Joint to the eontc,r of the
next Joint. It will vnry moderntely with Any KIven die ns the

count (openings per unit of length) clc._reue8 as expansion
Jnsreusoa and conversely. )'ins expumied metal is manufactured i _"*
in soil form with this dlmen.ion runninK the fenytk of th© ¢oi|.

it-_ | r_mcenter-,o ce,*.ler Openin|t
Of joi.ts ptr IS. in.

OESIGt_ATIOH _ _-. ORIGINALMATERIAL WIDTH SHEET

i ,,,,c,. MIN._ MAX. MIN._ MAX. WIDTH ( •(s_ze) ffl_N, Ntdl. *

..... mml II =

• )
' 1 .1105" .20" .2Y _ ._1,t" i .025" .007" .055" J8"'
: [

I/o .2." .10".,2s')6s .0o_"_ .02_" .cot o_" Is'
i L

1

2/0 .t87" ,077" .091") 120 .OOr .020" .007" i .035" 18"
._.i ]

2/OE J87" ,048" .071"! 170 .002" .OtS" .007" .035" 12"
t

e
i •

SpI .125" .050" .005"i 300 .00_" .015" .003" .020" 18"

FS .100" .075" .085" 250 .005" .020" .007" .025" 12"

I

4/0 .077" .038" .046"! 625 .002" .012" .003" .020" 12"
I ! _--" t

S/O .050" , .026" .030"i 1400 .002" .OlD° .002" .011" 10"

I/O .031" i .021" .024"i 2600 .002" .007" .002" .009" 6"
i

HOW TO l-:Xtmlet'l customers hnvu fou.(I the f.ilo_'inK methud of spc_itylnE hne e_pnn(ied metal useful
ONDIEN anti prneti_,nl, its use is re.urania.haled for po._lth.e icle_ttil_onti_n o( requirements.

F_t [eamplel,, _% _4._ _ k| % WI_ITT[';X &S: | Hi 7-4/0
• e_ P% t@%%O ._o" Tht, i* it t'_.pi_.l ¢,...,.r,'hli :,peclfirstion._'_ '_ " IS'Am .. "t' ,tie,ft.,. rr_i.lrr_ ...re _pr¢(lie d,-t.Lle they

It I ._l) k*rnnls f 4- _'1_ ) itrJ_• _iitlnl t, jnPh (r(.quire,I weiRht)

....." " eli" ,*equ.etio*or.,t,.,n..tn.,t,.r,n,toh...o.,el('.

HOT[: Whilht, eve#all thickness, sltand wtdlS 8he oti|inni metal thick_es$ must be ¢omeatiSie

foe mess ha,,,|nation and lnt,11 sSecihcatJnn See espMnsi*_ns a_ove re|stein| Chart,

I 5 A- t_9
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1.0 oVERALL PROORESB _

Work dtwing the 18_h reporting period has been concentrated on
the advanced radiator stu_7 phase of the Flexible Radiator Development
Program, and address the followin8 subjects:

a) Optimization of heat pipe radiators,

b) desi6ns of radiators with meteoroid bumpers,

c) contract review at NASA/JSC, and

d) ambient deployment tests of the prototype radiator.

2.0 PROGRESS ON I_IVIDUAL MAJOR AREAS

2.1 Heat Pipe Radiator Optimization

Analyses are being performed to determAne the values of heat
pipe radiator design paremeters that nLtnimAze weight and area. The
analyses are concerned with the optimAzation of flow through heat exchanger
core in the manifolds, t_e size and spacing of the heat pipes, the thick-
ness of the radiating fin, and the geometric design of the radiator panel.
Doct_entation of the analysis shall be covered in an advanced radiator study
report.

2.2 _teoroid Bumper Deui_ns

A literature search was conducted to obte/n equations for sizing

meteoroid bumpers for radiator tubinG. An equation was selected based on
accuracy of prediction of depth of projectile penetration in laboratory
tests. Computer models were prepared for heat pipe and pumped fluid radiators
to determine the values of radiator parameters best suited for long duration
missions. Radiator weight and area are compared with corresponding designs
without meteoroid bumpers.

2.3 Contrs_t Review at NASA-JSC

PrelimAnary results of the long life radiator study ane/,Tses were
presented to NASA on 8 May 1978. NASA e_reed with _he study plan, and re-
quested tha_ Vought also look, at large heat pipes in space radiators.

2._ Ambient Deployment Tests of PrototT_.e Radiator

A_ie]lt deployment tests of the prototype radiator were successful.
The new retraction springs supplied by Spring Engineers are not completely
straight, but are much improved over the original spring, s which were rejected
by Yousht. The new springs have a sliSht curvature which causes the radiator
to extend over the edge of the deployment drum during part of the deployment/
retraction cycle. The lengths of the t_u springs can be adjusted so that the
edges of the radiator coincide with the edges of the drum at the beGinninG
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_nd end of the cycle. At _he mld-point_ the edge of the radiator over-

I laps one end of the dr,_ by about two inohee. This im not c_sidered to
be a aeriotm problem, but would affect the stow&ge vol_e required fori,

the retracte_ rLdiLtor. The pressure required to deploy the radiator is
less than 2 psi.

"' 3,0 WORKO_ MAJOR _%_T%)IT,V..,%4_3

Work Is in progress on the sdvsnced radiator study phase of
the progre_n.

4.0 WORK PLANIIEDIN THE NgXT REPORTING PERIOD

Work will continue on the long life radiator study. A final re-
port shall be subnLi%_ed.
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1.O O_ PROGRESS

Work d_wi_ the 19th rel_z_ing period his been concentrated on the ,_
"; advanced radiator |t_ phase of the 1FJ.exlble I_LI_OF Development Prosr,,-,

and addressee the fOllowhag sub,_eot_;

"- a) Redt_dancT in _dular Build-up of Lares
Radiator Systems

b) Quote for Development of Extended Life
-, Flexible Radiator

c) Contract Extension

2.0 PROCESS ON I_DIVIDUAL MAJORAREA5

.. 2.1 Re_ndanc_ Calculat ions

System designs with multiple independent subsystems were studied to
determine how the total system weisht end radiating area depends on the nmaber
and survivability of the eubeysteas. The studies show that s_gnificent veisht
reductions arc possible in large systus if they are constructed fr_ indepen-
dent modules and are oversized such that the system maintains full capacity

• following the loss of one or more of the modules. _tsh probabilities of mis-
sion success are possible.

2.2 _uote for Development of Extended Life Flexible Radiator

A cost quote was submitted to I_ASA for designing, fabricating and
testing an extended life flexible radiator _hieh would be applicable for mis-
sion durations of 5 years or more. The prototype flexible radiator and extend-
ed life flexible radiator will be tested eimulteneously in _979.

2.3 Flexible Radiator Contract Extension

A request for contract extension was submit_ed to NASA in order to
maintain continuity between the current prototype development prcgr_ and the
forthcomAng extended life radiator pro_e_a which is expected to begin in
September 1978.

3.0 WOPX ON MAJOR END ZTE_

Work is in progress on the advanced radiator stud_ phas_ of the
program.

_.0 WORK PLA_ED I_ THE I_E_ l_01_IlqO PERIOD

Work will continue on the lon_ life radiator studM.

I
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1.O OVERALLPROOBESS

q
,. Work during the 2Oth reporting period has been concentrated on

the advanced radiato_ etud_ phase of the Flexible Radiator DevelOlZ_nt _
Program and addresses the following subjects:

)

a) Doct, nentation of Advanced Radiator Study

b) Fabrication of Extended Life Flexible
Radiator Element

i 2.0 WORK ON INDIVIDUAL MAJORARF.AS t

" 2.1 Advanced 8tud_ Doct_entatlon.

Docume_tatlon of the Advanced Radiator Stud_ which includes weight

and radiating surface area trade_ of heat pipe and ptDped fluid radiatorso
and redondsnc¥/reliability considerations was initiated.

_.2 Extended Life Flexible Radiator Element

A 6" x 12" element wi%h metal bellows manifolds is being fabricated
to verify manufacturing techniques and to evaluate potential problem areas

" prior to lnittatin6 the dssi_ of the f_ll scale radiator. No problems were
experienced in fabricating the radiator panel. Meteoroid bumpers are hein8
machined for the manifolds.

3.0 WORK ON MAJOR _D ITl_45

Work is in progress on the advanced radiator study phase of the
prosre_,

_.0 WORK PLANNED IN TH_ NEX_ REPORTING PERIOD

Work will continue on the long llfe radiator study.

\.
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I 1.0 OVERALL PROGRESS

Work during the 21st reporting period h_s been concentrated on

.. fabrication and advanced radiator study phases of the Flexible Radiator Develop-

ment Program, and addresses the followine subjects. _1

(a) final assembly of the prototype radiator
eJ

(b) documentation of the advanced rad/ator study

i 2.0 WORKONL._zv'r_DUALMAO0_AREAS

: 2.1 Final Assembl,y of Protot_e Radlator

Teflon clamps for attachlng the radiator fin material to the inboard

support f_ame and to the outboard deployment drum were machined in the

Vought SES Lab. The aluminum frame and deploymen_ drum were anodize_, and the
radiator components were then assembled for final inspection. The radiator will

be placed in storage until it is shipped to NASA for testing.

2.2 Advanced Stud_ Documentation

Documentation of the Advanced Radiator Study which includes weight
and radiating surface area trades of heat pipe and pumped fluid radiators,
and redundancy/reliability considerations wee continued.

3.0 WORK ON MAJOR END ITEM8

Work is in progres_ on the advanced radiator study phase of the
pro_ran.

_.0 WORK _ IN THE NEXT REPORTING PERIOD

Work will continue on the long llfe radiator study.

z A-'ZSo
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Work during the 22nd reporting period has been concentrated on the
. test planning 8rid extended life radiator design phases of the Flexible Radiator

DeTelolment Pro_Tem end addresses the following subjects:

a) solar de_adation testing of the prototype radiator,

b) thermal design Of extended life flexible radiator, and

i c) documentation of advenced radiator study.

2.0 WORK CH I_DIVIDUAL M_TOR AREA8

2.1 Sole_rDegradation Test of the Protot_e Panel

A one-week solar de_adati_ test of the prototype radiator panel in
NASA Chamber B is bei_ plenned for the week be6_.nning 12 November 1978. The
panel has been instrumented with 2_ thermocouples and shipped to NASA for testing.
Plens for a test table and ana/,Tsis of measurement error effects ware elso sub-
mitred to NASA.

J
2.2 The.--,malDesign of Extended Life Radiator

distribution, pressure retention, and flexibility. Analyses are 81oo being
performed to determln_ optimum tube diameters and spacing. Requests for quotes
for m_teriels are belongprepared based on the results of the thermal analyses.

2.3 Adv_uced Radiator Stu_ Documentation

Doc_ntatic_ of the Advenced Radiator Study which included weight and
radiating surface trades of heat pipe and pumped fluid radiators, and redundancy/
reliability considerations contiuues.

Work is in progress on the adv_ced relator study and extended life
radi&tor _evelopment phases of the progrem.

_.0 woRK_LA_D _ T_ _EXTRKPO_ _0 D

_ _ Work will continue on the advenced radiator study and extended life
r_liotor development phases.

i A-2o_-
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1,_ 1.0 OVERALLPROGRESS

l Work during the 23rd reporting period ha_ been concentrated on thotest planning and extended life radiator design phases of the Flexible Radiator k

Development ProgrAm and addressee the following subjects:

L) Bolar degradation teetin6 of the prototype radiator,L

b) thermal end meohenical design of extended life flexible radiator, and

c) documentation of advanced radiator stud_.

2.0 WORK_ IIDI'V'_DUALMAJORA_.

2.1 Solar.De_r_dation Test of the PrototFlm Panel

A one-week solar de,edition test of the prototype radiator panel in
NASA Chamber B is being planned for the week be_inning 12 November 1978. The

•. panel has been instrumented with 24 thermocouples and shipped to NASA for testing.
Plans for a teat table and analysis of measurement error effects were also cub-
mitred to NASA.

•" 2.2 Thermal Design of Extended Life Re4iator

The n_uifolds of the extended life radiator have been desired for
_- flow distribution, pressure retention, and flexibility. Analyses were also per-

formed to determine o_tlmum tube dAemetere end spacing. Re%ueete for quote8 for

j materials are being prepared based on the results of the thermal analyses. Drawings
are being prepared for fabricating the deplo_ent/retractic_ meche_ism.

2.3 Advanced Radiator Stud_ .Docu_entntion

Documentation of the Advanced Radiator Study which included weight and
radiating surface trades of heat pipe and pumped fluid radiators, and redundancy/
reliability considerations continues.

3.0 __)_t O__MO_ _D z,r_,_

Work is in progress on the advanced radiator study a_ extended life
radiator development phases of the program.

4.0 "gORKPLANNED IN _IE NEXT REI_RTI_G PERIOD

Work will continue on the advanced radiator study e_ extended life
radiator development phases.
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"- Work during the 2_th reporting period has been concentrated on _ ithe testing and extended life radiator design phases of the Flexible Radiator

i Development Program and addresses the following subjects:

a) solar' dssradation testing of the prototype radiator,

b) design of extended life flexible radiator, and

c) doc_entation of advanced radiator stud_.

2.0 WORE ON IlqDI'VIDUALMAJORAREAS _'_

2.1 _olar De6radatic_ Test of the Prorogue Panel

A one-w_ek solar degradation test of the prototype radiator panel
was conducted in NASA Chamber B. Preliminary analyses of the data indicates
the radiator performed as expected with no measurable degradation caused by
solar exposure. Optical property measurements for sample radiator fin m_teriel
exposed during the test also indicate no degradation occurred. Vought is
preparing a quick look test report.

2.2 Desi_n of Extended Life Radiator

Altern_Gives to the space deployable boom deployment/retraction
system were studied. Boom suppliers were contacted to obtain cost and per-
formance data. The cost of the booms could be substantial for flight
hardware. Also, the boom design depends on flight loads, radiator dimansions,
etc., that are mission dependent. Thus boom design changes could impact the
cost and scheduling of future applicatJons of the flexible radiator system.
A strap drive system with self straightening manifold covers to provide
structural support for the deployed radiator is being considered. Alternatives
to the fluid swivels such an tubular springs, coiled flex hoses, and outboard
dr,-,_ are also being investigated. A design review is being planned with the
IIASA to discuss the results of the design studies.

2.3 Advanced Radiator Stud_ Documentation

Doet_entation of the Advanced Radiator Study which includes weight
• _ and radiating surface trades Of heat pipe and pumped fluid radiators, and

redt_dancy/reliability considerations continues. A technical paper based on
the study will be presented at the Ninth i_A_tersociety Conference on Environ-
mental Syateme_ 16-19 Ju_ 1979_ San Franolsco, California.

3.o w,o oNM TOR ZT .'e
Work is in progress on the advanced radiator study and extended life

radiator development phases of the program.

I _.0 WORKPLANNEDIN THE NEXT REPORTINGPERIOD

I Work will continue on the advanced radiator stu_ and extended liferadiator development phases.

I A-lo
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OV_qLL PROGRESS
1.0

Work during the 25th reporting period has been ooncentrated on the

test reporting and extended life radiator design phases of the Flexible Radiator k

• DeveloI_ent Progrsm and addresses the following subjects : _,

a) solar degradation testing of the prototype radiator,

- h) design of extended life flexible radiator, and

c) documentation of _dvanced radiator study.

I - 2.0 o.i lwDu

2.1 Solar Degradation Test of the l_rototY10e Panel

A one-week solar degradation test of the prototype radiator panel was
conducted in NASA Chamber B. Preliminary analyses of the data indicates the
radiator performed as expected with no measurable degradation caused by solar
exposure. Optical property measurements for sample radiator fin material exposed
during the test also indicate no degradation occurred. Vought has sent NASA a
hand written final copy of the quick look test report. A typed, signed version
will follow in January 1979.

2.2 Design of Extended Life Radiator

Alternatives to the space deployable boom deployment/retraction system
were studied. Boom suppliers were contacted to obtain cost and performance data.
The cost of the booms could be substantial for flight hardware. Also, the boom
design depends on flight loads, radiator dimensions, etc., that are mission depen-
dent. Thus boc_ design changes could impact the cost and scheduling of future
applications of the flexible radiator system. A strap drive system with self-
straightening manifold covers to provide structural support for the deployed
radiator is being considered. Alternatives to the fluid swivels such as tubular
springs, coiled flex hoses, and outboard dl.umsare also being investigated. A_
informal design review was conducted 22 December 1978 with Gary Renkin, the NASA
contract Technical Monitor, to discuss the results t_ date of the design studies.
A design revi_ at NASA-JSC is planned for January 1979.

2.3 Advanced Radiator 8tud_ Documentation

Documentation of the Advanced Radiator Study which includes weight and
radiating surface trades of heat pipe and pumped fluid radiators, and redundancy/
reliability considerations continues. A technical paper based on the study will
be presented at the Ninth Intersociety Conference on Environmental Systems; 16-19
July 1979; San Pranciaco, California.

3.0 WORK ON MAJOR END ITE_

Work i_ in progress on the advanced radiator study and extended life
radiator development phases of the program.

4.0 WORK FLA_ IN ThE NEXT REPORTING PERIOD

Work will continue on the advanced radiator study and extended life
radiator development phases.

1
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ABSTRACT _1

Nylon and steel projectiles approxfmately .015g In wefght were shot

atTeflon sheets and polyurethane tubes. Velocities ranged from 1770 to

4480 M/sec. An attempt to assertain penetration depths and compare it to

an empirical equation a]rea_y deve|oped was made. Due to an Insufficient

number of data potnts, no strict conclusion could be drawn but tntttal

indications show that for nylon veloclty 3redJcttons mayhave been too high.
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i FOREi_ORD ,\

Th]s project was undertaken to prov].de hyperveloctty impact data on
1

IB "" ml;erta]s for whlch no ftm clara was available. Hany theortes and equations
; ex|st, but thetr accuracyand applicability ts questtonab]e untt1 the

"' expertmntal stage ts complete. Thts paper presents the results of some

i of those experlments. _

i At the sametime, the author fulfilled the _qutrements for a sentor!. level structures course tn Aerospace Engqneertng at Texas AN Unlversqty.
t

L

El .................
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NOMENCLATURE "%

t - thickness "penetrated(cm)

"" ct." percentageelongation of target mtertal

!. Pt " massdenstty of sheet materta] (g/cm3)

Pm= massdenstty of neteorotd (g/cm3)"

Vm - normal tmpactveloctty (km/sec)

dm = meterold diameter (cm) *
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INT_DUCTION

Meterotds encountered in space flight can cause considerable damage

to space vehicles. The total meterotd environment conststs of a wide _

_, v_r!e_ of massesat various veloclttes originating frem comets and

_: asteroids. _ a msult, damageto a structu_ may range from gradual

deterioration over a pertod of time to.catastrophic fatlu_ with one /
strike.

From a destgn standpoint, valuable info_atton about hypervelocitY

i impacts can be obtained using particle accelerators such as a light-gas
gun. Muchwork has been done in this field and manyemplrical equations

developed to relate.penetration depths Lo target and projectile properties.

_ Someof these equations are combinedresults of several experiments to

attempt to develop a governing equation to the hyperveloctty impact

problem. For materials of specific interest, the best results camefrem

actual tests on these materials.

The Vought Corporation of Dallas, Texas has a deployable space

_._< radtator constructed of plastic materials (Teflon*and polyurethane). It

w_s desirable to obtainimpactdata for these materialsto stu_ meterold

--_ ef_cts. The hypervelocityresearchfacilityat Texas A&M Universitywas

,- used to obtainthis data. The datais comparedto an empiricalequation
i

i fromanothersource. Teflonplatesa_ the main focusof attention.

Observationaldataon water-filledpolyurethanetubes is also presented.

v_

i: * Teflon in this case refersto DupontFEP (flourlnatedethylene-prowlene)

I"
@ _-Io
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DESCRIPTIONOF EXPERIMENTALAPPARATUS "

The Light-Gas Gun _.

.. , The light-gas gun ts shownin ftgure 1_ Burning gun powder ts used

to drtve a piston downthe pumptube. The piston compressesthe hydrx)gani
[

"" to htgh pressure. Whenthe pressure ts htgh enough, tt bursts a diaphragm

and drives a projectile down the launch tube, into the evacuated flight tube.F

The projectile impacts a target placed in the Impact chamberwhich is also

evacuated. Reference 1 gives a more complete des,crtptton of thts gun.

Veloctt_ Measurement

Velocity was measuredby shooting through two screens of ballistic

paper. The screens were p,_rt of an electrical circuit shownin figure 2.

Breaking the screens bnaaks the ctrcuit and results in voltage changes.

Each voltage changets input to a Hewlett-Packard timer. The projectile

starts the timer when it breaks the first scmen end stops it when tt

breaks the second. Therefore, the time to cross a knowndistance can be

converted to velocity. The penetration of the ballistic papers has a

negligible effect on Its veloctty for the massesused tn this progrem.

F
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Magazine Tube Tank .,

,q" " •

Powder HighPressure Launch Impact
Chomber Section Tube Chamber

FigureA-I: The Gun System

p

F1gm'eA-2: Gun Instrumentationandthe ControlConsole
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TESTPROCEDURE

A11 testing was accomplished in the samemanr,er except for using
L,

, two differenttypesof projectiles. Cyllndricalshapedprojectlles

made of nylonwere used for most shotsbecausetheywere easilyfitted

in the base of the launchtube. These projectilesweighedapproximately

.014g,were .203cmin diameterand had a lengthto diameterratioof 1.

Steel spheresweighing .O16gand .152cmin diameterwere also usedhut

had to be encasedin a sabot to be fired. ,

The Teflontargetswere 7.62cmx 7.62cmsquaresof variousthicknesses

(.1524cmand .203cm). The Teflonsquareswere made of .OSlcmlayers.

Theywere clampedon two sides and mountedin the impactchamberper-

pendicularto the projectileflightpath as shown in figure3A. The

water-filledpolyurethanetubeswere sealedon the endswlth swagelok

fittings. Four of themwere wired to a plate and mountedin the impact

chamberat an angel so that the projectilewould have a betterchance

of hittingthem {figure3B).
iF
_i

ii The impactchamberand flighttubewere'evacuatedto lessthan

4.1 psia.

00000003-TSD14
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RESULTS

A survey of the literature revealed that there are many equations

to predict penetration depth but there are certain limits to their L,

,_sefulness. Muchdependson the material proper'ties of the target and

the proJecttle.

BJork (2) found that if the projectile and target were of the same r

materlal, cratertng would be approximately hemtspherfcal. Goodier (3)

proposed different theories to predict penetration, depending on the

behavior(deformation) of the projectile during impact.

Manytheories have been tested using metal projectiles and targets.

The data on testing of plastics is limited which is why this study was

undertaken. Rittenhouse (4) presented an equation developed empirically

to predict penetration in polyethylene. A form of the equation is given

below.

..6s Ok)v8 (Vm)7/8et Pt

This equation wtll be used to comparewith results of this program.

Sample calculations are contained in the appendix.

Host of the shots were madeusing a cylindrical projectile o_ _lon.

A total of fourteen shots were madeat the Teflon specimens but due to

timer malfunctions, not all shots produced useful data.

Shot number 4 (see appendix) was the first shot to provide tnfomatton

on the threshold of penetration for the Teflon sample. The target was

.203anthick and thiswas also the projectilediameterso that (t/dm) = I.

The measuredvelocitywas 4480 m/sec. Accordingto equationl {plotted

In figure4), this is too slow for nylon to penetrate, However,it did

penetrate all four layers.

_-I(o
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Shot number5 provtdcd the most valuable information during the ""

program. The target was the sameas above. The nylon projectile weighed
_J m_

.0149 and had a velocity of 3900 m/set. The Teflon was on the verge of

penetratlon. The backstde of the target specimen was drawn out from the t

tmpeCt but the material did not tear as in the prevtous shot. Depth of

penetration would be'Impossible to detemtne due to the nature of the

damage. The thin targets of relatively high elongation used here tend to

extrude rather than crater. Therefore, penetration here meansthat a hole

was formed through the thickness of the sample., Since penetration was

incipient for thts shot, the penetration depth was taken to be the

thickness of the target. For this shot, (t/dm) was equal to 1. This

point ts plotted in figure 4 at its measuredvelocity.

The projectile was slowed downfor thesfxth shot and it wetghed

.Ollg. The target was the same as before. At 3620 m/sec, the projectile

penetrated the ftrst two l_yers of the target to give a penetration

depth of .102 cm (.04"). This makes the t/d m ratio equal to .5. Thts

shot is also comparedto equation 1 in figure 4.

The next series of shots were at .1524cm thtck Teflon samples. All

resulted in penetration. The t/_n ratio was.75 (shots 7 through 13).

As predicted by equation l, any projectile with a velocity less than 4300

m/set should not have penetrated. But all were less and all did penetrate.

Shot number 14 illustrates the difference in projectile material. A

.O16g steel sphere, 1524cm(.06") in diameter was shot at 1770 m/set

at .203cm Teflon. This was the slowest shot but It did penetrate quite

eastly. Equation 1 for steel is also plotted tn figure 4. For (t/dm) of

.75, penetration was pred|oted for this shot.

The difference in projectile material appears in the projectile/target

density ratio in the Rittenhouse equations. Due to the differences in size

F
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i)B_ and st_ngth of the steel sphere a_d nylon projectile a cor_latton

)_ Iim in penetration is difficult to make. Me massof eachwasapproximately
_e same. The diameter of the steel sphe_ was .051cm (.02") less than

the _lon. Also, the impact of the steel is approximately a point impact

i while the nylon Is moR of a blunt body. As a speculation, it may be

)_ "" _at the steel sphere dellveRd less total momentumor ener_ to the

) target but mo_ per unit tmpact area.

After obtaining thicker target samples of Teflon, a ftnal series

i _ of shots were made(shots 18 through 24). The _ses where the projectile
penetrated all layers of the Teflon yielded no data. However, the cases

ii of partialpenetrationproduceduseful results, _esurlng penetrationas

stated before to find t, the penetration thickness/projectile diameter ratio

is plotted as shown in figu_ 4. _ey showclose agreement to the

Rtttenhouse equations.

A few shots were madeusing water filled polyuRthane tubes. The

tubes had an ou_ide diameter of .635 centimeters and an inside diameter

of .3175 centimeters. Swegelokfittings were used to seal _e ends.

: The timermalfunctionedon all three shotsbut all producedbreaks
E

in the tubes. _e first two shots were with nylon projectiles, the
!

third with a .016g steel sphere. The breaks were small, pinhole b_aks

i:--'_: and stoppedby themselves. The water was not under pressure. The damage

J_ to the tubes consisted of a chip of polyurethane being knockedaway

while the projectile glanced off. The steel sphe_ went all of the way

througha tube,penetratingbothwalls and causingl'tto leak. Again it
i-

left a small hole. It should be noted that the spheR impacted at an

obltque angle (figure 5) and did not glance off.
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I RECOMNENDATIONSFORFURTHERTESTING

! ,
From the differences tn results of two d|fferent projectiles studied _ !

here, tt ts reCOmTendedthat several mas_es, shapes, and densities be
r

used for further study.

I For the Vought _adlator materials, thicker Teflon samples are needed

. to better study penetration depth. Vought also desires to cool downthe
r4

•" tubes and Teflon to -60°F to study temperature effects similar to the

space environment.

T

•e

i
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CONCLUSIONS

Moredata has to be obtained before a true comparisoncanbe made

With the RJttenhouseequation. Initially, it appearsthat this equation

m_ predict too high a velocity for penetration. This illustrates the

hazardsof attempting to apply information from one test to another in
m

which conditions have beenaltered somewhat. With moredata, an equation

applicable to Teflon canbe developed.

;'=,
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SUHHA_OF TESTS ' J
"

P_JECTILE
SHOT DATE PROJECTILE WEI_T TARGET VELOCITY REHARKS _:

- (H/sec_

1 10"20-76 Nylon .012 rafion Penetrated 1st 3 layers.... Tt_r Malfunctton,_d

Penetrated all layers2 10-23-76 Nylon .r22 .... Timer Malfunctioned

, Penetrated all layers
3. 10-23-76 Nylon .014 _ .... Timer Malfunctioned

4 10-24-76 Nylon .014 I 44_ Punctured all 1wars
I Penetration threshold

5 10-_-76 Nylon .014 _ ,3900 GoodData Point
I

6 10-_-76 Nyl_ .011 _ _ Penetrated ]st 2 L_ers

7 10-_-76 Nylon .011 .06" _flon 4176 Penetrated all l_ers
Penetratedall layers

8 I0-31-76 Nylon .008 .... TimerMalfunctioned

Penetratedall laye_
9 i0-31-76 Nylon .008 .... Timer Malfunctioned

10 10-3%76 Nylon .010 3850 Penetrated all layers

11 11-3-76 Nylon .010 2890 Penetrated all layers

12 ]1-3176 Nylon .005 2410 Penetrated all layers

13 11-5-76 Nylon .010 2270 Penetrated all layers

Steel .016 .08" Teflon 1770 Penetrated all layers
14 II-6-76 Sphere

Timer Malfunction
16 11-20-76 Nylon .014 Tubing .... _meged tube, leaks

Timer Malfunction
16 11-20-76 Hylon .014 Tubing .... SameDamage

Steel .016 Tubing ..... Penetrated both walls
17 11-20-76 Sphere

18 12-15-76 Nylon .012 .10" Teflon 4460 Penetrated first 3 layers

Steel .016 .18" Teflon 1984 Penetrated first 4 layers
19 12-15-76 Sphere

20 12-16-76 Steel
Sphere .016 .12"Teflon 770 Penetratedfirst2 layers

Steel .016 .18" Teflon 3060 P_netrated all layers
21 12-16-76 Sphere

22 12-16-76 Nylon .011 10" Teflon 3720 Penetrated all layers

23 12-16-76 Nylon .010 18" Teflon 3870 Penetrated 1st 3 layers

24 12-16-76 Nylon .012 14" Teflon 5862 Penetrated 1st 4 layers
-iS

IJ[ Im --_ fedllm_
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Sample Calculations

Using the Rtttenhouse Equation .

_/8 19118 L,

. .65(111/8 (_)1/2 (Vm) (am)

¢t ts % elongation of Teflon (350) _.

p_ is the density of Teflcn, 2.14 b/cm3

Pm Is the projectile density, .94 g/cm3 for nylon and 7.83 gm/cm3 for steel. "'

(dm)19/18 (dm) '

The equationcan be writtenas follows:

t . .65 (_'t)1/8 (Pm)l/2pt (Vm)7/8

The ratio of targetthickness/meteorolddiametercan be plottedas a

functionof velocity.

If thicknesspenetratedis equal to the projectilediameter,we have

for nylon: 1/8 I/2 7/8
Io.55(_) (_) (vm)

Vm = 6.04 km/sec !

i
\

1
t

.1

I
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HEAT BOND_G PROCESS EVALUATION

PROTOTYPE FLEXIBLE RADIATOR
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EVALUATIONSTO DETER[lINEA PROCESS I
FOR HEAT BONDINGOF FLEXIBLESPACE RADIATOR :'

PANELSBY AUTOCLAVEOR OVEN PROCESSING I

I
In general,the heat bondingprocessto be used is an adaptationof the

normal lamlItatingproceduresused for T'abricatlngepoxy/flberglasslaminates I

for aerospaceusage. The normalprocedureconsistsof placinofiberglass
cloth preimpregnatedwith a heat curingepoxy resin (prepreg)'ona flat platen
or contouredmoldingtool. The uncuredprepreglayup is coveredwith a
nonadheringporousfabric,one or more layersof a porousbreatheror bleeder
material,such as fiberglasscloth,to allowentrainedair or excess resinto I
be bled off duringcure of the epoxy resin. This layup is coveredby a
non-porousplastlcfilm (vacuumbag) suci)as high temperatureresistantnylon
or siliconefilm. The vacuumbag is sealedto the platenor moldingtool
with a pliable,adherentsealingcompound. A specialoutletconnectionis
In_talledin the tool or the vacuumbag to allow a vacuumto be applied
betweenthe vacuumbag and the tool to apply a pressureon the enclosedlayup.
Vacuumpressureis appliedto properlyseat the prepreglayupon the tool
and to hold it in positionduringhandlingfrom the layuparea to the oven
or autoclavefor finalcuring.

Requiredadaptationsto the normallaminatingprocessincludeprovision
for bagging_aterialsand sealingcompoundssuitablefor temperaturesas high
as 550°F (288°C)which are requiredfor heat bondlngof FEP filmmaterials.

A numberof baggingand seallngmaterialshavebeen evaluatedby the
EngineeringMaterialsLaboratoryfor heat bondingof SpaceShuttleflexible
heat radiatorpanels. A brief summaryand aiscussionof baggingand sealing
mterlals and heatbondingprocedurestried to this date is given below.

i
I. Baggingmaterial- 2 mll thickKaptonpolymldefilmwith I/2 mll

FEP Tefloncoatingon each side. (1 mil is 0.001")

Seellngcompound- commerclalsealingcompound#5147supplledby I
SchneeHoreheadCo, (a local producerof sealingcompounds).

Result - The sealtng compoundlost adhesion at about 490°F and I
caused total loss of pressure on the test specimen. Test specimens 1
did not heat seal because no bonding pressure was exerted at the FEP
fusiontemperature.The cause of the loss in sealingcould not be
determinedsince it could havebeen tilelossof adhesioncaused I
by sealantdegradationor meltingof the FEP coatingon the Kapton film.

!

2. Baggingmaterial- FEP coatedKaptonfilm as describedabove. I
I

_ealingcompound- Dow Coming 30-121one part siliconerubber
a siliconematerialwhich cures by moistureabsorbedfromambient
air).

........ _ __ .... I I w_r_ m,m
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Result - The sealtng compoundwas found to cure too slow when covered
by the baggtng material. The test was discontinued when tt was deter- _
mtned the sealing confound would not cure rapidly enough fop practical
use.

3. Bagg|ngmaterial - 1 1/2 mIl thick Kapton f|lm coated with FEP on one
" side only.

Sealing compound- DowCorn|ng 860 RTV two part s|t]cone rubber.

Result - The viscosity of the sealtng compoundwas too low to makean
acceptable seal because of excessive flow and squeezeout when vacuum
was applled to the layup. The test specimen did not have enough /

" pressure at the FEP Teflon fus|on temperature to heat bond properly.

4. Bagging material - FEP coated Kapton film as descr|bed for Trial 1.

Sealing compound- Adhesive backed Teflon pressure sensitive tape.

Result - Vacuumbag had acceptable seal at room temperature. However,
seal was lost at approximately 450°F because the adhesive on the Teflo,
tape completly lost adhesion to the bag material. Test specimendid not
heat bond because of loss of bonding pressure.

5. Baggingmaterial - Heavy duty aluminum foil (1/2 mtl thick).

Sealing compound- DowCorntng 93-044 two-part stltcone sealer.

Result -$ealtng compoundset up too soon (approx. one hour) to make
tt acceptable for thts application. Further work with this layup showed
the alumtnum foil developed pinholes when the vacuumwas appl]ed to
the vacuumbeg. No effort was made ta complete the heat bondtng cycle.

6. Bagging material - 2 mtl thtck aluminum foil

Sealing compound- DowCoPntng 93-004 two-part stltcone sealant (this
sealant is used to seal the titanium fire wall bulkhead on the 747
airplane).

Result - The alumtnum fotl was found to tear badly when vacuumwas applied
to the layup whtch caused complete loss tn sealing. Inspection of the
seaHng compoundshowedpoor adhesion between the sealant and the aluminum
foil bag which probahly would have caused loss of sealing even if the foil
had not torn.

7. Bagging material - ] 1/2 mtl thick Kapton film coated with FEPon one
side only.

Sealing compound- OowComing 93-046 two-part silicone adhesive/sealant.

Result - Somedifficulty was encountered in mixing the extremely thick
sealant, however, a sat_sfac, .y mix was obtained which could be extruded
from a Semcosealant tube. ',_le layup was completed wtth no difficulty
and a good seal was matntat_,e_ during the heat seal holding period of

-2-
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520_ to 540°F. A good test spectnen was prepared wtth excellent heat
sealtng of the fot1 between the tubes. Inspection of the tubes in the
test spect_n sh_eed considerable tube swelling and distortion which
apparently cannot be avo|ded with FEP tubtng.

Conclusions:

1. Kapton ftlm wtth no FEPcoattng appears to be the most satisfactory
baggtng material.

2. A1umlnumfotl ts unsuitable as a baggtng matertal for the following
reasons:

e, Cannot see through the vacuumbag to vertfy the FEP tubes are
properly seated in the grooved mold.

b. Pinholes are easily formed under vacuumbeg pressure when 1/2 mtl
thtck fotl |s used.

c. The 2 m|l thick fo|l tears too eastly under vacuumbag pressure.

3. DowComing 93-046 two-part silicone adhesive/sealant is the best
bag sealing compoundtrted to th|s ttme, even thouoh there ts con-
stderable difficulty in mixtng the extremely thick material.

4. The followtn 0 sealtng matertal candidates were found to be un-
acceptable as bag seallng materials for various reasons described
earlier,

a. DewCorn|ng 30-121 one-part stl]cone adhestve
b. DewCorntng 860 two-part stllcone rubber
c. Adhesive backed Teflon pressure sensitive tape
d. DewCorntng 93-044 two-part stltcone sealant
e. DewCorntng 93-004 two-part silicone sealant

-3-
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FLEXIBLERADIATORSOLARDEGRADATI(_TEST
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SUBJECT: Instrumentaticm f¢.r Flexible l_adiator _ATE: 90etohar 19 ,'_ [ :, !

Sola_" Degradatiom Test at NASA-JSC _._
/

TO: J.G. Rackin

I

CC: R.L. Cox
R. J. French

J. A. Oren
J. C. Utterback

FROM: J.W. Leach f!

At NASA's request, instrumentation ce//bration tests and test sequences
are outlined beloW for the forthcoming solar degradatio_ test of the prototype
flexible radiator in NASA Cheer B. _he test trill measure the change in the
average value of solar absorptivity as a result of one week of vacuum/UV exposure.
The extent of surface property degradstion will be determined by meastu'ing the
surface temperatures end the heat re3ected from the radiator at the beginning and
end of the test. This is a difficult test because relatively l_rge changes in
solar absorptivity cause only sins.L1, chon6es in the measured varle_les.

Vought will deliver the prototype flexible radiator to NASA instrumented
with 36 guage premimn grade copper/constantan thormocouples. The signals from
the thermocouples will he monitored on NASA supplied recorders. Flowrate measure-
ments will he made with NASA supplied meters.

1. Sensitivit_ of Test Results to Measurement Errors

The heat rejected from the radiator surface is

,; = r [-',a.('_ - _A_) - -,%]_ (-)

where ¢ is the surface emissivity, _ is the solar absorptivity, T i s the tube T

wall temperature, TA is the smbient temperature, and %s is the incident solar
irradiation. The absorbed solar and infrared terms me_ be combined to give au

effective environment temperature T
#

2_°_T'4 " 2e°_TAk + _qs (2)
I

Accounting for the difference between the fluid and tube woll temperatures by J

the resistance term R = 1/wK F Nu, aud integratin6,

[

[

Z:::,-i T
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The Fluid outlet temperature im given" by _,

"_ Tout " Tin- --g-- (_)

F4u£tious (2), (3), end (_) me_ be sol_ed to determ/ne the sennitivity of _he

measu__ed variables to in the radiator surface and thus to
changes properties,

. evaluate the effect of meuurement errors on the determinatSon of surface pro-
_L _y degrad&tlc_. Table I co®pares wLlues obtained fTom Equations (2) thru

• (_) for nn _nltlal value of a - 0.i and an exa_le degraded value, a - 0.15.

i TABLE I EFFE_ OF m DEGRABATI_ ON HEAT REJECTI_

0.i 387 285 " 90 50 ii,_13

0.15 _21 285 90 53._ lO,_20

The table shows that a 50_ degradation in a changes the heat rejection by only
8.7_. Since the change in solar absor_tivity is to be determined by measuring
heat reJectlon, meauinsful results can be obtained only if precise measurements

are made. Differences between the inlet and outlet temperatures must be measured
to wlt_n a few tenths of l°F, and the flowrste to within i_. Experience from

previous thermal-_acuum radiator tests indicates that this order of accurac.¥ can
be obtedned only with the highe6t quality instrt_entatiun, and th_ instrume_
calibration tests prior to and followin6 the thermal vacuum test are necessary.

2. Instrumentation Calibratio_ Tents

The following calibration tests are recommended.

(a) Flowmeter Calibration Tests: Collect fluid fl_wins through the
meter duriu_ a proscribed period of t_me in an open costs/her. Dete_ne the
flowrate from the weight of the fluid taking account of the accuracy of the scales
end the timing dew,Ice. Perform the calibration tests prior to and following the

: vacuum tests.

(b) Thermocou_le Calibration Tests: With the ther_ocouples connected to
th ,_ recording device to be used in thermal vacuum testing, simultaneously record
the sisals frc_ all i'_"erslon thermocouples in constant temperature baths coverin8
the range of temperatures to be experienced in the thermal vacuum test. Calibrate
the th_mecouples _ainst a secondary standard. To checkout th_couples located
on _he radiator panel, cover the p_nel with an insulatic_ blanket, and record
ni_ulteneously the sisals from all thermoccuples with no flow through the panel,
and room emblent radiator environment cond_tiuns.

3. Test Sequence

With constant inlet temperature vary the flowrate to co_er the maximum

i
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possible range of outlet temperatu_e.o This reduces the probability that _'-
instrumantati_ errors from a single source will Qbscure the test results. !
_ermocouple errors are most significant at hiRh flowrates where the difference
between the inlet and outlet temperatures are small. At low flow_'ates thermo-

couple errors are less 8iSnificant, but flowmeters errors, which are proportional
to the full scale reading, are most important. By examining discrepancies be-

tween predicted and measured performance over the range of test cc_ditiuns, in-
strunentatic_ effects can be separated from systematic type errors which are

l indicative of radiator performance degradation.
j rl

)
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R. T.. Cox 2-_lb,00
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R=,J. French= M. _een I J. L. WilZls_s t C. ,W.KiXo_p J. L. Vann t J. C. Utter%ack

OESiGN INFORMATION:

INTRODUCTION

The "soft-tube" flexible/deployable radiator prototype was _ublectpd to a aolqT 9x-

posure test fro_ I_ November to i_ Noyember i_8 in C_am_er B S._NASA-0SC. The pprpose of,

of this test was to evaluate possible de&Tadetion of the radiator optical properties or

construction teohnique _ue to solar radiatic= b_r =eas_'t_:

• Thermal performe_ce of the rad£ator when lnit_all_ exposed

to a _eep el_ce environment,

• Thermal performance when initie/ly exposed to solar radia-

riot,

• Thermal _erfor_ance e/_er ex_ostum to so_ar radiation _or

100 hour_l and

• Thermal _er_or=ance when exposed to a deep space environment

_ollov_n 6 solar exposure.

The radiator was instrumented with 20 thermocou_les on the radiator sur£acs and 8 thermo-

couples on the inlet and outlet Fluid lines and =ani£olde. The locations o# _hese thermo-

couples ere l_ltmtrated in FiKure 1. Two _latinum resistance probes were used to measure

the inlet and outlet fluid ten,statures. In _dition_ a thermoeou_le was attached to the

screen w_re on w_/ch the radiator we= l_in 6 and another was attached to the passive plate

located in the center o£ the _loor. The radiator £1u_d was water £rom the _ASA potable hot

r_

........ _- _ --
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t
water supply. The inlet temperature of tMe wa_er was approximn_ely II3°F

.• sad the flowrate throudh the radiator weu held at 160 lb/hr. The water flow

schematic is illustrated in Fiduze 2.

The first deep space environment test point was reached at 1500

on 13 November. The solar flux was initiated at 1530 and the first stea_7

state eole_ conditian was reached at 2030 c_ 13 November. The solar flux t

was terminated at 1600 on 17 No_ember and the second deep space envirc_ment

test point was reached at 2100 on the same d_te.

DATA ;dqALYSIS

A FOI_RAN computer progre_ was written to process the measured

temperatures and calculate tLe effective solar a_so2'ptance of the radiator

at selected times. A listing of this program is included in Appendix A.

The average fin temperature of the radiator was calculated by

averaging the measured temperatltres on the radiator fin surface,

20

E (Tig)_ [TSg+ +, ]
TF _-i TI_ _ TIT_ + TI8_] .25" (1)

16

where T1 ---* T20 are the temperatures measured by ':he 20 radiator thermc-
couples, The values measured by thermocouples 15 and 17 were not included

in the average because, these thermocouplee were located on tubes rather than

the fin material. Also, the values measured by th,_mocouples 5 and 18 were

not included because these thermocouples were diving erroneous (off-scale)

readings. The equivalent structure temperature was ce/culated taking into

account me, or sources of emitted and reflected IR. These sources included

the solar module mirrors, the chamber floor, the chamber wells and ceiling,

the passive circular floor pla_e, the wire table, _he radiator inflation _ubes,

the radiator dr_--, and the rectangular floor plate located under the radiator.

These sources have been numbered and are illustrated in Figure 3. The equiva-

lent structure temperature was calculated with the following equation,

7 (%FR.iTi_) R_ _ "RQS 08" _ .25
TST " [ £ + cRT i-I FR-IFI-R _i �----] (2)i_l

2 &-B
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•
R refers to the radiator. The equivllent sink tempera- I "1

Ts= [TsT_ laqs] .25 (S)

I - aS)TR

where K1 - 2¢RO

j The average tube temperature was then calculated with the equation,TT " i_ [TF " i) TS] (_)×

where X = T16 " TS and T = .5(T15 �TI7)
TO - TS o

The total radiated heat was calculated with the equation,

where K2 = 2 _SRa

The heat given up by the fluid loop was calculated as,

= M(ATFLuI D) (6)_uxD

The total absorbed heat was then calculated with the equati_,

The effective solar absorptance was calculated by two dlfferent

methods. Method A used the equation

a - lg% (8)

wh.reK3 - 2%_noandK_= I1* (l - %),RI._ [

Omce a was calculated,this velue was used to recalculate TST and Ts and a i
new v_l_le of a was then calculated. This procedure was perforTned three times,

which was assumed _o give sufficient convergence of u. _kthod B used the value

3
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! t

of a calQulnted by Method A and e%uatic_ (3) to calculate T8. The heat L i

. rejected by the radiator wu then calculated with the equ_tien,

A
Q = _ - c +----"--'_ (9)

where,

A - _%n,_o('i " 'o) '_ "

"'Ti �Ts"T° - TS'"

c = l/z[tan'z( )-tan ( )]
8

Ti_ . Ts_

D - 2_¢R S R ¢ Ts3bt (_)
T --T
O S

Ti = inle_ fluid temperature (T31)

TO = outle_ fluid temperature (T32)

S " radiator tube spacing

I
R = thezmal resistance between the fluid and the radiator 8 __

The effective solar absorptanee is then the value of a (within 8ome set limits)

such that the t_nc%ion F(a) m [Q . _FLUID I is minimized. Note that in contrast

to Method A which calculated the solar absor!_ance of the radiator based on the

meuurud radiator fin temperatures, Method B calculated the abserptance based on

the measured fluid inlet and outlet temperatures and the calculated thermat

resistance between the transport fluid and the radiator surface.

, ,!= =',-- .._ FI_ .... ' ' "'_
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m

The measured temperatures and calculated parameter_ at reprt,sentative !

times during the solar exposure are presented in Table 1. The values of aolar

absor_tan_e cL_cu_ated by the two methods are in eJ.ose agreement for the times |
|

presented an_ veA-y or_y slightlM over the length of the solar expomure. The

difference between the Method B values of o at the beginning and end of the I

solar exposure is less them 1_. I

The me,_ured temperatures for the two deep space environments are

compared in Table 2. The temperatures at the two environNente compare favorably

and no difference in radiator performance is evident.

Visual inspection of the l.ezLi&tor indicated no optical or mechanical

degradation due to the solar exposure.

CONCL_IONS

Post test evaluation of the performance data tndio.ate that no measure-

able degradation of the radiator occurred during the 96.5 hm,ls of solar exposure.

Visual inspection of the test article indicates no observable change in the

physical appearance of the radiator.

I
I
I
I

5

1
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i T_BLE I (o,3 v,

"_ TC NO= L33ATIO_ ?EMP (F) _:

L INLET FIN 83,1
.. 2 oUTLETFIN ......... ?q,S .......

3 INLET FEN 87,0
OUTLET FIN 72,6

6 OUTLET FIN 76,7
? Z_ILET FIN 89,3

"8....... OUtLEtFIN ........... ?b,3 ..............
9 INLET FIN 97,8

10 OUTLET FIN 77.0
11 INLET FIN 96,9"
tZ ObTLET FIN 75=_
13 INLET FIN 91,_

" 1W...... OUTLETFIN .......... 73,3 ..................
15 INLET TU_E _q2,9
16 INLET FIN 96,0

" _? ........ INCEF-t_ ...... _............. 19%_ ....................
_ OUTLET FIN _=_
19 INLET FIN 98,3
kG...... OUTLET-#IN ........... 66,6 ........
Z1 INLET FLUIO (LEFT) 112,7
22 INLET FLUIO (R[GHT) 112,7
23 OUTLET FLUIO(E_Fi:/ .......... 76,5 ...............................
2_ OUTLET FLUID (RISHT) 77._
Z5 INLEt NANIFOLO ILEF') 109,9

27 OUT_GARD MANIFOLD (LE¢TI _.7
28 3UTBOA_O NANIFOLO (_IGHT) _3,7

.......... 29.... FLoo_ PL _'E ................ lt_._ ...............
3L TABLE HIRE 78.1

................................ , . .: . .

PLATINU_ =ROBE INLET TEHP IF) = 11_,_
PLATINUM P_ORE OUTLET TENP (F) : 77,2
PLATINUM _OdE DELTA TEHP (FI = 36*2 ..........
AVG FIN TE_P (Ft = 83,8
HATER FLO_ RATE (L_/HR) = 160,0

................ AV_'$TRUCTURETEMP(F) = .... -tt6,T --
FLUIU HEAT REJ (BTU/HR) = .579_,_-

.. SOLAR FLUX (BTUINR) = _6B,6
AVG TUBE TEMP (F) = 85,2
TOTAL ARSOR_EO HEAT (_UIHR) = 6_89,0
FIN EFFECTIVENESS = ,960

- fEM#ERATuRE RATIO = -; " ,98_
SINK TEMPERATURE (F) = ,1

_ TOTAL RAOIATEO HEAT (_TUIHRI = 12281,0

AVG LUNAR PLANE TEHP IF) = -290,Z

AV3 CHAMBE_ HALL AWL CEILING TE_P (F) = -296,9
EFFEGTIYE _OLA_ ARSORPTANC_ lMErHOn A) = ,153
EFFECTIVE SOLAR ABSORP'ANCE (_E'HO r B) = .159

i 6
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TRBLE I (b'_ ,,,

TC _IU, LBCATEq_ t'EH ° (F) .,

i . . INLET. FIq 83.1 "'
L OUTLET FIN Tq,2
3 INLET FIN 88o]
k OUTI.E { FIN 72,2
5 INLET FIN -- '__ '*_' '_
I. BUT LE' F;_I 77o0
Y INLet _'Tq 89,,"

OhrLE ;" P..'N Z6,_

9 I NL="T F_N 97,5 [
1.; OUTLET FIN ?6,6

'.._ OUT L.E; FZN T_,5
1_ .. INLET FI'= -_I,?
1_ DUTL;'T FIN 73.?
15 INLEt TU4E 102.9
lo INLET FIN "Ib,6

1_ OUTLE" FIN _'• q'_'_

19 . . INLET FTN 9_.o2
Zc, OUTLET FI'N 67.2
C1 INLET FLUID (LEFT) 113, P

. . 2Z .... ]:_NL__I_.FLU.I0 IRIC.H') 112.3
23 OUTLET FLUIJ (LEFt) ......... 77,1
2._ OUTLET FLU13 (RISHT) ?7,O
25 INLET _4A"ZIFOL{.') {LEFT) 11G,6
2_ ..... 0LJTLET _IANIFOLb (RIGHT) ?B,6 .....
_7 OUT_3OA'_D ._AN1"FOLD (LEFT) 95.._
Z8 OUT]OARO HI_NIFOLO (RIGHT) 9L,6
Z9 FLOOR °L_TE 111.8
3_; TABLE NI_E _JO,2

PLAT_.NUN P_OBE INLET T;'MP (F) = 1t3,_
.._ PLATINU._._p_.QBE ..O_UTLET TEHP (F) = 77,_

PLATINUM P_OBE DELTA TEHP (F)= ..... 36,0 ........
AV$ FIN TEHP (F) = B_.9
hATER FLOW RAT'." (LJ/HR) = I6{_,O
AV&" STRUCI"/JRE TEMP IF) = -1iB,0
FLuIU HEAT REJ (BTU/HR) = 5760,0
SOL4R FLU x (BTU/HR) = L_68,5
AV$ TUBE TEVP (F) : 88,3
TUTAL ABSORBED HEAT (_TUIrIR) = 6610,I
FI._ £FF..E.CI_!VENE_._ = ,9w5
TE,'IPERATURE RATIO = ,9t_9
".INK T_,"tPEQATU_E (F) = Z.2
TOTAL RAOIATEO H_C_,T (BTU/HR) : tPO?O,t
AV3 SOt. AK HO: '_I_ROR "rEMP (F) = 8b,B
AV3 LUNAR PLANE TE_lP (_') = -?q",3
AVC; CHAMBER wALL A'_U CLILING TE .*¢} IF) = -E96.9
{: _pf , C_.FF_.,.I, _- SCLA_ ABSO_,P_'ANCE (_HO0 A) = ,1_8
EFFECTIVE SOLAR A_SOR°TANGE (METHO0 E) = ,159
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I

?ATE=lJ./16/F8 H= _ M=3G S= #.

J
'. TC ._0, LOCATI'ON TEHP (F) '

Zq
1 INLET FIN q2, B
2 OUTLET FIN ?R,7 .

3 INLET FIN 86.7
OUr _ET FIN 72,1

b OUTLET FIN 76,_

iv ? INLET FIN )t,1"a ..... "-_O_T"FI• ........... ?_,3 ...............
9 INLET FIN 97,_ f

10 OUTLET F_N 7_,8
....... _-_ --T_E_Y _ ................ _;S .......

12 OUTLET FIN ?5,5

17 INLET FIN 91,_
_ -----'-O-UTLETFIN .... T2.9 -'-
15 INLET TUBE 103o]
16 INLET FIN 97,3

• :7 fE-EF_ _r ..... _¢.s ......
%b OUTLET FIN "'_
19 INLEt FIN 99°0
z_.... ObtCEt #iN - S6,?
_1 INLET FLUID (LEFT) 112,3
2Z INLET FLUIO |RIGHT! 11Z,3

2. OUTLET FLUIO (RIGHT) 76.@
25 INLEt MANIFOLu (L_F') 19_,8
26 ....... OU-TLE'T _N%FbLO (RIGHI) 77;W .....
27 OUT3OARO MANIFOLD (LEFTI 95. fl
z8 0UTSOARO.M{NIFOkO_!eIOHT) _. s
2g FEOOR PLA-E _0_,I

i 3u IABLE WIRE 7R,3

PLATINUM =ROBE INLET TEMP (El = tl_,?
........ PLATINUN PROBE OUTLET "IMP IF) = 77,2

PLATINUH P_OBE _ELI-"_3E_P--(F_ = _b.5 .......
AVG FIN 'rEHP (El : e_,?
_ATE_ FLO_ R_TE (LB/HR) : 150°0
AVG STrUCTUrE TEHPIF) = "i19._
FLUIO HEAT REd (BTU/HR) = 58_0,0
SOLAR FLUX (BTU/HR) = _68.5

TOTAL ABSORBED HEAT (_TUIH_) = 55Z_.B

FZ_ EFFEcrZ.VEN_S_ , .gsO
TEMPERATURE RATIO = ,952
SINK TEMPERATURE (F) : 3°_
TOTAL RAO_ATEO HEAT (gTU/HR) : 12513,_
AVG SOLA_ 'iOD MIoROR T_P (Ft : aw.?
AV$ LUNA_ PLANE TEHP (F) = -2R_,3
Av_ CHAM_E_ WALL AND C:ILING TEHP [_) : -29E._

EFFECTIVE SOLAO Ag3ORPTA_CE (_ETNO_ A) : .IB1

I EFFECTI#E SOLAR AB$OR_TAHCE (NErH3q _t _ ,160

I 8 E'9
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T_BLE i (d_

u.ATE=IJ.I'.?/Td H= _ '4sIC S: O

TC NO. L'_C4TTOq "E_ p (F)

1 [;_L£T FtN 81.3 ;:
2 OUTLET FIN ?_.;,
3 INLET FIN 56.')
_ _uT.LEtFIN.__ ?z.z
5 INLET FI_ _e_ "'-
6 OUTLET rtN 16._

? I ;_.E, FIN 8907
¢1 OUTLET FTN 1'5,2 ...........
9 Z_L_T _I't 95,_

_ ".-_ OUTLET F_N... ?5.k
11 Ihi..ET tIN 95,?
1,_ OUTLE1 ='IN T_,_,
13 _:4L_ T FIN ¢)G,8

z_ INLET TU.3E 1_2,0
_Ib Zt_L£T tIN 96,7
z? T:_L_f- r_]'__.- .......... zi)_-,_........................
lb oUrLFT FrN _ _,to,=
19 I NL:1" FT',I 97,8

- -_ ..

?.3 OUTLET FI_'J 67,5
Zt LN_.-'_T FLUI_ (.EF, I 112,3

_.__¢_ Z NL._]. F LU.Z0_ _(_q__G_MT ) ......... _13.0
2_ OUTLET FLUId3 (L_F;) 7E._ ..............
Z_, 31JTLCT'FLUIO I_,.rGHTI _,6

• ._25 .. ZhlLET N_N'[FOLD (L--.F°) 110,_
2E OUTLET N_NIfOLO-(c_IGHTI "- ??,_ ....................
27 OUT:JOAR_ NANIFOL3 (LEFT) 95.1

..... .Z8..... oureOAR ,_ NANTFOLD (_IGHr) e3,?
ze FLO0_ pC_TE.................. =z0z. 5................
3L TASL_ HI_E 78,3

PLATINUM PRORE _NLET TE,'4P (F| = 113,3
PLATI_UH ¢=ROBEOUTLET TEHP (F) :

AVG FIN -c_p (_) = 83,2
.... HA[E_ FL.OH _AT" (L_/HO) = lbO.O

AvG sTrUCTUrE TE,_P (F) = ............ -1-19,9 .............
FLUID HEAl" REd (BTU/HR) : 58R8*0
SOLA_ FLUX. (BTU/HR) = ............ _6.8.*_
AV$ THBE TE_: (F) : 87,1 .....
"O"AL A¢]_O_EO HEAl (_;U/H_| : 656_.._

_ Ft.N EF.FECTtVENESS : .960
TENPERATuRE RATED : .....,,955
STNt( TE½PERATUR=. IF) : _,5
T.O_TAL_A,.IAIE.J HEA" (_TJIHR| = 12k52,_'
AV$ b0LA_ HOb _t_FqOR TEHPIF) : 7/,,,8
-%VG LUNAR PLANE "E_IP (;) © -29_,_

.Av.G CHAH_E_ WALL ._NO C_ILIflG TEHP (_| : -_._6,9
EFFECFIYE 30LA_ A=JSORPT_NCE (_ETHO n A) : ,168
EFFECTIVE _,OI.AR AOSORPI'ANCE (HETHOr7 _3) : ,157

9 E.-Lo
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I TASLE I (e_

•._ _ATE:!_/:rtr8 ...H'_s M, c s-.o. .....
"_ TC _10. LOCATZ3',I TE_IP IF) ::

i % INLET FIN 82.3

2 OUTLET FIN ....... 78'*b "
INLET FIN 8b,?

_. OUTLE T FIN ?Z,O
0 II 11,8 415 INLET FIN

i_ 6 OUTLET FIN 76,?
i_- ? INLET FIN 89,5

8 " oUrLE; FIN ....... ?-%_
9 INLET FIN gl,n

i 1C 3UTLET FIN T6,1

......................... g'6,'_........., ,,Z I _ILET FIN
12 UUTLET FIH 7._,_
"3 I._L ET FIll 91,3

- 1,, OUt_.E_FIN ..... rZ;f; ....
15 INLET TuBE 10.%2
_.6 INLET FIN 97,_

TU_E17 INLET .............. --'-$ 0 &; ?'--"

! !9 INLET FI_ 98,8
2", OIUTL E ,_" - F [ _ ......... _ r ' _ " "

21 rqLET FLUIO (LEFT) 112,2
' 22 INLET FLUID (tIGHT) 112,3
! Z3 OUTLET FLUID (LEFT) 76,_,
: 2L, OUT_.ET FLUI_ (DIGHT) ?6-5

25 INLET rIANZFOLO (LEFT) 109,6
;i_ 26 - OUTt.#TqANIFOL: (_GHT) .... f?,6 -

Z7 OUTr}OARO MANIFOLD (LEFTI 9_,9
• 25 __3U.TSOARO HAN!FOLa (_XGHT! ...... .9.3,._ .....

29 FLOOR PLATE 11C,3
3.- TA3Lf. WIRE 78, c)

PLATINUM _,_OBE INLET "_MP (F) = i12,9

._ PLATINU.M._PROBE_O_UTLE__ TEHP (F) = .... 76,7
;' aLA'_ I._lU:l =_OBE 3ELTA TEMP (F) = 36,t

AV$ FIN TEHP Is) = 83,6
_A_ER FLgW RA_'E IL3/HR) : 1_0,0
AVG STRUCTURF TEMP'iF) == ..... -Ii_ •9
FLUIO HEAT REJ (BTU/HR) : _T?6,O
SOLAR FLUX (BTU/HRt = ;72_9
AVG TUdE TEM_ IF) = ...... • " 86_?
TOTAL AYS3_EO HEAT (qTU/HR) : 663_,6
FIN £Fr.-'ECTIV:-NESS : ,960

SINK T_PERATURE IF) = 2,?
TOTAL RAOIAIEO HEAT (_TUIHRI = 12_13,5
AV3 SO_R HG_ HI_,ROR "_HP (F) : " 76,6 "
AV3 LUNAR (_LANE TE4P (F) : "E9_,?

AVC_ CHAM')ER _ALL ANn CEILTNG T=MP IF) : -296,;
EFFEC_'IVE S-OLAe AR_SORP_'ANCE (METHOG AI : ",1-_8
EFFECTL#E SOL_ AB_O_P'/ANCE (Hc--'PHO r _) : *I_8

10
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TABLE2

CO_ARISON OF RADIATORTD4P]_tTUR_ FOR

DE_ SPACEEKVlRO_TS

T_TI_I_ (OF)

T/C_. 11/13/78 11/1'U78

2 '5._ _5.2

3 _9•2 _9•3

39.2 59.2

5

6 39.2 39.3.

7 61._ 62.1

8 _0.0 _O.6

9 61.9 62.0

I0 3h.0 33.0

11 66.8 66.h

12 31._ 32.2

13 69.8 69.7

i_ 26.9 2_.6

15 81._ 81.1

16 71.7 72.1

17 ,_]3.7 83.5

18

19 T6.1 75.9

20 28.3 30•1

31 (Tin) 113.2 113.1

32 (To_) 50.0 _9.3

ATFLuID 63.2 63.3

6_-tl-
11
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1 J

PROGRArl FLEX 7k/?_ O=T=t qOUND=4.-_/ FTN k,6_'k2B 12/06. v

1
...... *

PRD3_AM FLEx(INRUT=,OUTPUT!

C,O'tHONIHAIN/TMtTFLK_ T(32) eTWALLeTF_OTFtQ_t XKlt EfAt r, FL• PIHENSION AL(3) tY(3) ......... ,

TF'J_ (TI) = It I_W60, ) °'W :;
5 P._AD tO:eRN_,XKteXKZtXK3tXK ="

IF(_MD,LE,O,) CO TO 900
READ tOO tTM, TFLRtTWA CL;OT F ..........
READ 100 oQ$ eALF_CHI,,EYA
R..._.0 top..:! .........................................
READ 110,_ATE,HReMtS
TF=3 •
OO tO I=tt2_

- %0 iF_iF_'IFUN(I¢IIf ..................... " '" f
TF:( ( TF-TFLIN(T (S) I-TFUN It (1_11-TFUNITIt?II-TFUN(TItRI) I/16o l"'%25

%-_60.
L_O %_ J=Lt3 ........................
T_T=(.WO6"TCUN(TM)_.42"T_UN(TFLRI TFUN(T(291) (',03S'TFUN(T(301

1 ) *, L,7 _TFU.4(TWALL) €�ì�ž�„(TF) 4"1• TDE6_ALF_q- e ) e==, 2S-_60,

_'T=(r F*_60, _(CHI'l-) " (T_H_60,1)/CHZ-k60,
OPAD=XKZ_ETA _TFUN (TT)
QFt.-_R MO_DT F ..........................................
_A 3S=QR_ D-QFL

15 ALF:({]A3$'XK3_TFUN(TSTI ) F (XK_QS)
AMAX=ALF f	à�AMZN=ALF-,O?.

_.pEL--(ANAXrAM!_!'_.ZS ......................
C3 50 I=1,3
At (I) :ANZN+FLOAT (I) _OEL
Y(II:F(ALII)) ..................................

50 C0NT IHUE
51 ISU3=IS(Y)

IF(IZ,_0EL),LE,,00i) GO TO 60
OEL=OEL=,5
AL (Z) =AL(ISUB)
Y(;_l :Y(ISUB)
AL (L) =AL (Z) -OEL
Y(ll =F(AI. (1))

. .. _AL !31 =AL (Z) �|#º���.......................................
Y('_|=F(AL(3))
GO T3 _1

60 ALF_=AL(ISUB)
PRINT tt EIATEeHRtNtS
PRINT 206
CO 20 K:1,13,;'
PR I'|T 201tK,TIK)
KPI=K_'I
nE I_IT 20Z_KPt_T(KPt) .........................

20 I:K

I= I',"Z

_'Kt',I.'r_.Q_,!,_!_t) .....................
' I=I_i
I P_INT 2n. l_,I ,T (Z)

I:I+t
aRIN[ 203,I,T(I)

i I:I+1PRINT 202,I_T(I) ....

E-r')
I z6
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_" _()G,_A,"I FLFX 7;_lT4 OPT=I ROUN3=o.-_/ FTN _.,,64'_Z8 iZFOS

t
I=rPRINT 20_tI,T(I) |:

I.I+'1
PRINt 20_+I tT(Z)
l=IP_IqT Z_,tI,T(D .

Z-I_%
PRINT 205tier(I)
I=I+i

aR I'_T 2'36,I,T {If
ImI_1

PRINT 207,I,T(1)
, I=I+l

i PRINT 208,I,T111
.. !_= t_. % .............................................

P_INT 2_9,I,T11)
I=I*i

PRINt 2iO.I.t(1)
I=I+%

°RINT 211,I,T(I)
I=I*i
PRINT 2%2,I,T[I)

: l=I+i
u

+r PR IPI i" 2i3tt.TlI|
PRINT Z1w,t(31)
PRINT Z1S,T(32)

+ PPI_T E16+OTF
_; INT' 217tTF
_RIN_ 2i8._0

PRIN T Z19.T_I
P_ IN T 220.QFt ................................
P_' INT 221,_S
P_INT 223,TT
PRI_ _ 22WtQAB_
PRINT ;>2S t __TA
PRIN" 226tCHI
PPZ_T 227tTS
PPINT 2ZS,Q_

• _"PINT_Zg,T_
P{ IN," 23G,TFL,_ ..................................
PRINT 231,T_ALL

PRIN" _'32t A_F ...............................
PRINT _+3,ALF]
GO TO S

9C0 STOP
i FORMAI[1Mi_/Iti6Xt_oATE=_,AB_gXt_H=_A2_'M=_tA2_ $='_tA21

IQ0 FORHA" (_¢1_.0)

1!0 FOQ_AT(A_.A_tA2,AZ)
_'00 FORMAT(Ill, iWXI*IC _iO. " LOCATION+elgX._TEMP (F)',#)
2tl FORHAT(%SX 12.5X.'INLET FIN_+2GX_FB.I)
202 FO_MAT(1SX I2tSX_'OUTLET FIN+tigXtFS,1)
20X FORMATtIfiX I2,SX,'INLET+ TUBE+tLgX,FS.i) ....
2u_ FORHAT(:SX I2tSKt_INLET FLUID (LEFT)++iiXtFB,I!
2G_ FO_A_IISX I2tSX._INLET FLUID (RIGHT)_tlOXt¢_.I)

206 FO_MATIiSX I_mS_t,'OU1;LET FLUID (L_-FT)_t_.OX_FS,i)
2G7 FORMA'(15X I2,fiXt_OU_t_" FLUIP (RIGHT)_+gXtCB,t)
2Q_ FO_HAI{I-_X,IZtSXt_INLET MANIF3LO (LEFT)_SXtFB,%)
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t _Rq_A_ FLEX ?_17_ O=T:I ROgND=_-=/ FTq k,6_k28 12/0_.

2_ FO#%AT(LSX_[2,SX_=OUTLET H&N_FOLD |R_GHT|et6X_FS=tt
_1_ FOR_4T(15XoI2e6xt=OUTdDAQO MANIFOLD (LEFTI=_6X_FS,1I
211 _O_H_T(15X_IZoSXI_OUT_DA_O HANIFOLO (RIGHT)_t;XIF6,1)
21_ F_R_AT(I_Xt[RtSX,_FLOOR PLATE%.I_xtFS,I)
21_ FO_A:(I_XtZ2,SXtOTA_LE MZ_ozgXtFS,tel/)
_; FOR_AT(tSX_PLATINUH PROgE INLET TEHP (F) =_,BXtFT,I)
215 FORHAT(15Xt_PLATXNUH PRO_E OUTLET TENP (F) _TX,FT.I!
216 FCR_T(tSX_PLAIINU;4 PKOBE DELTA TEHP IF) ==DBX_F_,_)

21_ FO_H_IttSX_A_ER FLOW RA_E KLB/HR) =etXkX_FT,t)
£L_ FO_IT(_SX_G STRUCTUR_ TENo (F) :eDtSX_FT,_)
_2g FO_HATfI_X,_FLUZO H_AT RrJ (B_U/H_} :_I_X_FT.tl
22L FORHAT(_SX_SOLAR FLUX(BTU/H_} =_t¢SXtFT,1) " "
223 Fu_HAT(¢SX_A_G rUflE TEMP ¢FI =#_2QX,F?._)
22; FORHAT(.15XeeTOTAL ABSORBED HE_T (STU/HR) ==tgXtF_et|
22_ F3_A_(15X._FZN EFF_CTZVENE$_ =e.2_eFT.3}
22b F_A-(LSX_EMPERAtdRE RA?IO =e_ZOX_F?o_)
_7 FO_HA'(!SX_S_NK )EHPE_ATURE (F) :_17X_FT,I)
22_ FORHAT(15X,=rqTAL _AOZATEq NEAT "|BTU/HRI =_DX_F?,I)
22_ FO_AT(LSX_=AVG SOLA_ HOD qZ_ROR TEMP (F) :=_SX_F?.tt

231 FO_HAT(LSX_AVG CHAH_E_ dALL AN_ CEILING _EMP (FI =_;FT.I) .........
Z32 FOR_T(15X_EFFECTI_£ SOLAR ADSOR_TANCE (HETHOO A) ==_F6,3)
233 _G_T(LSXt=EFFECTI_E S_LA_ A3SO_#TANCE (_ETHO0 _) ==_F6._t

IOLI_ _FEREN_E '_AP (R=3) ...................................................

fS OEF LINE _EFERENCE$

_N ]YPE RELOCATION
_EAL ARRAY ....... _EFS ...... 3 .... 3G 35 37

_2 OEFZNED 29 3S 37
................................  EFS .......... ........

CEFZNED B 2_
REAL REFS 100 OEFINEO _2

REAL REFS 2? 29 OEFTNE_ 26
_EAt. REFS 2_20 93 _)EF_NEO 8
REAL REFS _ DEFINED 10
_EAL 'REF_ 29' 33 3k 37

OEF_N_O 2? 3k
_£AL MAIN PEFS 2 22 8k OEFINF
_EAL MAIN REF$ 2 2_ 92 OEFINE

REAL _EFS _3 OEFINE_ 10INtEgER , . _EFS. 13 2=2_ 2=_0 _?
: , 5_ 2_5 56 2_57 5 _

I 62 2_63 6k 2"65 66
• I ?G 2_71 12 2_F3 ?_

78 2_79 _0 2_R1 DEFINE

i _ 52 5_ 56 _8_6 b6 7_ 72 14

i z8
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OPT=I _L]JN,.;=e_'_/ FTN _.6"428 12/0"_
F

FuNCT 13_| F(ALF!

r:')HM'.]'I/f'AIZ:IITH,TF¢.Rv'[(32) _THALL tTF IDTFt*]_ _XKI, ETAt QFL -_
:FUN('I}= (TIe_6Q,)_ ;.
TST= ( , P.JE • fFJN(r._ ) _., L,E=TFuN (TFLR) x�_6_*i'FUNtT (2ql) ,, _36=TFUNI T(IO!
) * ,.,7 fTFu:I(r_ALL) +,C _9 • rFlf,i (_c ! ,1.7_E6_ALF_QS) _=, Z6-k60,
":31='('f1)
;3Z=I" (32) _'_,_G .
I_=[ TF'UN (rSl) eXK'I 'IALFI:.,I"_I _'_, 2_
^=Z._,562_-:''- rA*OrF,.TS,,3
3=oZq*ALOGI(T _1 -.IS) "('r 12 '*T.; ) t ( (T 3_ _T$|'(T_Z -T.R|))
C:,q_ (ATA;_(T31 /ISI-ATAN(T32 /,r$)!

Q:A/(q-C �¢�_F TUR'_

:-NO

_'I ifPE R£LOCATIO_!

R_AL REFS 13 nErIN_O

_ZAL F,P, R_FS 4 8 PEFINEP 1
_AL REFS 13 3EFtNFD 10
_EAL REF_ 1_ nEFINED 11
_EAL REF_ 17 OEFI_D _Z
_AL MA_N REFS 2 9
_EAL ,_AIN REFS _ 9 12
REAL PEF_N_O tw
_EAL REF3 lk 9EFINF_ 1_
ZEAL MAIN RErS " E 14
REAL MAIN R_F$ 2 _
_£AL ARRAY MAIN OEF$ 2 2_@ 6 ?

R_AL _AIN P_FR 2 ; I
_£AL _AIN REFS Z
REAL REFS- 9 k_iO 2_11 3_1
REAL _EF_ 8 DEFIgEO _

L R£AL MAIN REFS _ I
REAL _EFS E_10 11 12 OEF_N_
REAL PEF$ 2=10 11 12 OEF_NE I
_EAL _. _AIH REFS 2 I

TYPE A_GS REFERENCES
_EAL 1 LIbrARY 10 1Z |

, REAL 1 LIBRARY _11 I
:Tl?_ TY_: AqSS CFF LINE REFERENCES I

_EAL 1 IN_RIN 14 I
_£AL i Sr • B_ 8 !

CT
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i¸ "'m.I

I
u;,ICiIgi'_ IS 7,,/?_. OPT=:}. ROUND=_'-'P/ FTN _.6_._28 1Z106,

=i ] FUNCTIO_ [SCF) ...........
:-_'" .'_ I.e FIN_3 "HE _USSCRIP"r OF I'HE HYNIRUM VALUE OF THE ARRAY Ft ,-=

! FMIN=F('I)r

Ir=i

DO 1J I=2t]

t IFIF(1).GE.FMIN) GO TO 10

1_ CONTINUE
QETURN
END

r_ OEF L.INL .._EFEPE_¢ES ...............
1 12 ............

_N TTP£ RE,.qCATION

',1 REAL REFS 8 3EFI_ED _ ¢
IrlTEGER REFS ,_ 9 ",-0 DEFINE
I'_ T E'; -"e ...................... 0E'_NE 0 ......... 6" " 10 ..............

.A3,_., CEF LIN£ REFERENCES
1t ? 8

:L INDEX F_OH-TO LENGTH PROPERTIES
T 7 11 _,B _N_I" AGK

.EN_TH '26B .... 22 ....................
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